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Abstract
Fuel cells are a very promising technology for transportation applications in the
future. Many companies are performing research in order to make the implementation of
fuel cell- powered vehicles more feasible. One issue that needs to be addressed is the fact
that fuel cell vehicles will be used in sub-freezing climates. Vehicles undergo frequent
shut-down and startup events, and as such, freezing and thawing effects on fuel cell
components become important when the vehicle is shut off and left standing in cold
climates. When shut off, fuel cells will maintain water in the membrane electrode
assembly (MEA) and gas diffusion layer (GDL) unless certain purging protocols are
followed. Excessive purging will lead to membrane dryout and increased system costs.
Understanding the effects of repeated freeze-thaw cycling on the GDL is critical in
developing effective purging techniques. When the cell is subjected to sub-freezing
temperatures, the water remaining in these media will freeze. This freezing could have a
detrimental impact on the pore structure, fiber integrity, and binder effectiveness in the
GDL, thereby decreasing the electrochemical active surface area of the electrolytes and
hurting the overall performance of the cell. This thesis presents a numerical simulation to
highlight the damage caused by freezing, followed by an experimental study to observe
these effects in a GDL under a compressed state to represent actual fuel cell operating
conditions. This study validates the damage incurred through freeze-thaw cycling and
confirms the need for developing cost-effective purging protocols. Another finding of
this study is the usefulness of electrical resistance measurement techniques in identifying
freeze-thaw damage to the GDL.
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1 - Introduction
Fuel cells, and polymer-electrolyte membrane fuel cells (PEMFCs) in particular, are a
very promising technology for transportation applications in the future. They offer the advantage
of zero local emissions, as a hydrogen fuel is the only required input, and clean water is the only
product of the chemical reaction occurring during operation. Additionally, PEM fuel cells are
low-temperature fuel cell since they operate at about 80C. This allows for shorter warm-up
times than that required for a high-temperature fuel cell. For these reasons, many companies are
performing research in order to understand the fundamental underlying issues and make the
implementation of fuel cell- powered vehicles more feasible.
A basic PEM fuel cell unit itself consists of no moving parts, which is a great advantage
over current petroleum- or diesel- fueled internal combustion engines. Each individual cell in a
stack is composed of several parts, as shown in Figure 1.1.
The basic PEM fuel cell unit is shown on the left-halfofFigure 1.1. On either side of the
cell, a bipolar plate is used for several purposes. First, the bipolar plate has gas channels
machined, stamped, ormolded into their faces. These channels are on the order of 1mm in their
4 * area
hydraulic diameter, Dh (Dh = ), or smaller. These gas channels serve to carry the
perimeter
reactant gases to all points of the active surface and remove product water from the cell. Inward
of the bipolar plates are the gas diffusion layers (GDLs). These GDLs allow the reactant gases to
reach the catalyst sites and to allow product water to travel from the catalyst sites to the gas
channels for removal. The catalyst layer, typically platinum, is bonded to either side of the
membrane. The membrane is a polymer, such as Nafion, and its purpose is to allow the
positively-charged protons (Hydrogen ions) to diffuse from the anode-side to the cathode-side
reaction sites.
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Figure 1.1- PEM fuel cell cross section
The fuel cell operates using the reverse electrolysis process. Oxygen or air is delivered to
the cathode side, and hydrogen is delivered to the anode side. On the hydrogen side, the
molecules are split into positively-charged protons and negatively-charged electrons. The
protons, as previously mentioned, diffuse through the membrane and reduce the oxygen
molecules to form water. To complete the electrical circuit, however, the electrons must travel
through an external load connected to the ends of the fuel cell stack. This chemical reaction
provides the electrical power of the fuel cell. The right half ofFigure 1.1 shows that water is
produced at the catalyst sites between the GDL and the membrane. From here, this water must
travel through the GDL and be evacuated from the gas channels. When the fuel cell is shut
down, some of this water will remain in the membrane and GDL.
Unfortunately, this water presents operational and durability concerns in PEM fuel cells.
Fuel cells currently employed in static power applications are sometimes mounted outdoors, and
in cold weather applications, damage to the MEA can be caused by freezing during periods of
fuel cell shutdown. This is because water remains in the fuel cell ifnot properly purged. If fuel
cells are implemented into production vehicles on a large scale, these powerplants may
potentially suffer the same fate.
Four aspects of fuel cell overpotentials, or losses, are as follows: activation losses, fuel
crossover and internal currents, ohmic losses, and mass transport losses. The two areas that the
GDL plays an important role are the ohmic losses and the mass transport losses. Ohmic losses
are related to the electrical resistance ofmany of the fuel cell components. The membrane must
adequately conduct the protons, and the rest of the fuel cell's electrical circuit must properly
conduct the electrons. The catalyst sites must make proper contact with the micro-porous layer
(MPL) and the GDL, which in turn, must make contact with the current-collecting bipolar plates.
The mass transport in the GDL pertains to how easily the reactant gases reach the catalyst sites
and how easily water can be removed from the catalyst sites into the gas channels.
The focus of the present work is to study the freezing effects on a GDL. This damage is
expected to manifest itself in the surface of the GDL through the hydrophobic properties or
physical structure, the pore structure through changing air transport properties, or through the
structure that impacts electrical properties. A detailed literature review is presented next,
followed by objectives for the current work.
2 - Literature Review
A great deal of research has been performed as to the ability of fuel cells to start up in
cold climates [1-6] and on the effect of freeze-thaw cycling on the performance of PEM fuel
cells [6-13], but there is little published work on the precise effects that the freeze-thaw cycling
has on the pore and fiber structure of the gas diffusionmedia themselves.
Previous research details the freezing and thawing effects of concrete and soil [14-17], as
these two materials are commonly present in sub-freezing climates, are exposed to liquid water,
and have the ability to carry the liquid water using capillary forces.
There are generally two different phenomena that are used to describe the freezing effects
in porous media. The first is a simple 9% volumetric expansion as the liquid water freezes and
forms ice. This theory is appropriate for water, but degradation effects have been shown for
fluids that contract upon freezing, such as benzene and nitrobenzene [17]. The theory that is
used in this case is frost heave, in which subcooled liquid water diffuses toward ice lenses,
causing these lenses to grow. Frost heave is dependent on the presence of liquid water and the
ability of the porous material to allow water to diffuse throughout the media. This chapter will
present the different theories of porous structure degradation, and review published work on the
previous research that has been done on the fuel cell system and the effects of freeze-thaw
cycling.
2.1 - Freezing Structural effects in Porous Media
To more fully understand the failure phenomena in the porous materials in a polymer
electrolyte membrane fuel cell (PEMFC), it is beneficial to understand the freeze/thaw
phenomena in other porous materials. This section provides an overview ofbasic freezing
behavior due to a volume increase as water freezes, as well as a more advanced concept called
frost heave. These phenomena are discussed in reference to porous materials such as soil and
cement, as well as with respect to PEM fuel cells.
Salmon et.al [16] explores degradation in porous material as a result of a volume
expansion as liquid water changes its phase to form ice. To model this volumetric change, a
porous medium was modeled as a matrix or lattice. Each ny location in the matrix is
representative of a pore at location row and columnj, and with size given by the value ofny.
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Figure 2.1 - Sample Matrix used by Salmon et.al [16]
Figure 2. 1 shows the 5x5 sample matrix, and each cell (or pore) is assigned a different n^ size
value. The fluid transport method is called the invasion percolation movement, the basis of
which is capillary action. The basic principle is that the smaller pores will be filled first due to
said capillary forces. All pores adjacent to a filled pore will then be filled with priority on the
smallest pores, just as in the first iteration or time step. When a satisfactory cluster of pores is
saturated, the simulation is stopped, and the freeze simulation is applied. In the freeze
simulation, each pore size value is increased based on a simple algorithm. As the simulation is
repeated, the pore sizes evolve.
D=l n=2 n=3
Figure 2.2 - Percolation Clusters from Salmon et.al [16]
Figure 2.2 shows an interesting behavior of fluid invasion using a 200x200 matrix. At
successive iterations of the simulation, the invasion clusters do not repeat. This behavior is
referred to as "self-avoiding" and is due to the simulated increase in size of each pore in the
freeze/thaw cycle of the previous cluster. This theme is common for other commonly accepted
pore growth algorithms as well.
Hori [15] expands upon the simple volume expansion principle and elaborates on the
topic of frost damage to porous brittle material. Unlike Salmon et.al [16], Hori explains this
phenomena in terms of large pores further expanding and smaller pores contracting upon
freezing. When the water frozen in the pores thaws, it can flow through the enlarged pores,
thereby further increasing their size and amplifying the irreversible damage. Hori models the
freezing behavior in a cavern as stresses in micro-cracks (Figure 2.3).
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Figure 2.3 - Hori's micro-crack stress model [15]
The stresses due to the increased volume of ice can cause the micro-cracks to grow, thereby
causing a deformation and a loss of stiffness. This model examines how the degradation affects
the deformation in the structure of a cave. The three major factors that must be taken into
consideration when determining the extent of the damage to the porous structure are (1) the
temperature to which the material is cooled, (2) the number of thermal cycles the material is
subjected to, and (3) the external loads applied to the material. A certain cooling temperature
must be reached before any damage is sustained to the material, and the damage will be more
severe as more extreme cooling temperatures are attained. Additionally, the number of thermal
cycles will increase the extent of the damage. However, each subsequent cycle will have a
decreasing damage contribution until additional water is introduced to the system. The final
factor contributing to the extent of damage due to freeze and thaw cycling is the external load(s)
applied to the media. Hori states that a free-standing medium will sustain more damage than a
medium subjected to compressive forces. However, as the compressive forces exceed a certain
threshold, they can contribute to irreversible shrinkage or compression of the media as a result of
the reduced strength of the material.
While a simple volume change is a convenient model, another phenomenon that exists in
porous materials in freezing climates is called frost heave. Hermansson and Guthrie [14] provide
a very detailed description of how frost heave occurs in brittle materials. While soil is used as
the media in which to study frost heave, this concept can conceivably be applied to the study of
ice formation in fuel cells. Frost heave is the foremost contributor to the degradation of paved
surfaces in cold climates.
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Figure 2.4 - Frost depth and heave over a 6-mo. Period [14]
Figure 2.4 illustrates the frost depth and magnitude of frost heave over an approximately 6-
month period. While frost heave appears during periods of sub-freezing temperatures, it has
consequences in both the cold and warm periods. When the soil is subjected to sub-freezing
temperatures and frost heave is present, the surface of the pavement can become cracked and
otherwise marred. In warm periods, when the soil is no longer freezing, the damage incurred by
the frost heave can lead to a depreciated load-carrying capacity. The existence and magnitude of
frost heave itself depends on several factors, such as the depth of the frost, the availability of
water, and the degree of sub-freezing temperatures inflicted on the porous media. The limiting
factor of the degree of frost heave, or the damage inflicted by it, is the amount of liquid water
available. Supercooled liquid water may still exist in the media at temperatures below freezing.
Due to pressure gradients in the pores, these films of water can diffuse through the media and
travel towards the ice crystals as they are forming. These crystals proceed to form ice lenses,
which are typically parallel to the surface of the media. These lenses create a substantial
expansion force, or heave, on the media, and that is where the major damage is incurred.
2.2 - Water and freezing behavior in PEM fuel cells
He and Mench [10] discuss how frost heave can be found directly in fuel cells. There are
several articles that discuss the end effects of thermal cycling in an operational fuel cell, and
there are others that discuss how water freezes and behaves in porous media, this article
combines these principles to demonstrate how and where water freezes in a PEM fuel cell. The
phenomenon that is explored is frost heave, and it can occur in porous media even when it is
saturated with a fluid that contracts upon freezing.
,
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Figure 2.5 - Frost heave in porous material [10]
The model presented by He and Mench is a one-dimensional model. The diffusion media and
catalyst layers are considered as porous, the membrane is considered to be a solvent, and the
bipolar plates are solids. Several contours are used to relate the unfrozen water content to
temperature, capillary forces, and freezing temperature. Due to the fact that GDLs are typically
constructed from carbon paper, Toray carbon paper is used for the examination of freezing.
Perhaps the most important contribution to the understanding of this phenomenon is their
proposal for the location of the ice lens formation.
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Figure 2.6 - Location of ice lens formation [10]
He andMench propose that the ice lenses are most likely to form where the catalyst layermeets
the membrane (3), where the catalyst layermeets the diffusion media (2), and where the
diffusion media meets the channel (1), as can be seen in Figure 2.6. He andMench's model
simulation is still in progress.
Lee and Merida [11] have also presented research very pertinent to the current work.
They are using ex-situ testing methods to determine the damage mechanisms in a GDL sample
from several sources, freezing being one of them. They prepared a GDM sample similar to that
employed in a working fuel cell. A Teflon coating was added, as was a micro-porous layer. The
GDM samples were placed in a test fixture and compressed, and the
samples'
strain responses as
a function of cycle number were recorded.
Lee andMerida wanted to monitor several parameters for which freeze cycling might
have a negative effect. These parameters are electrical resistivity, bending stiffness, air
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permeability, surface contact angle, porosity, and water vapor diffusion. The electrical resistivity
measurements were calculated through the 4-pointmeasuring method. The surface contact angle
was measured by using the sessile-drop method and measuring the contact angle of a 1 5mL
droplet. The porosity was measured using amercury porosity-measuring device. Air diffusion
was calculated as a function of the airflow through the GDL as a function ofpressure. The
Darcy coefficients were calculated. Finally, water vapor diffusion was measured using a custom
dual-chamber device. The two chambers were evacuated of any moisture, and moist air was
introduced into one chamber. The moisture content of the air on the other chamber as a function
of time gives a measure of the water vapor diffusion through the GDL.
Lee and Merida experienced some interesting results. The in-plane electrical resistivity,
bending stiffness, plate-side contact angle, catalyst-side contact angle, porosity, and water vapor
diffusion all exhibited no change before and after the freeze cycling. The only aspects that
exhibited any change were the in-plane and through-plane air permeability. The author attributes
these changes to a loss of the micro-porous layer (MPL). This layer is important to the current
collection function of the GDL.
While this research is similar to that contained herein, there are some things that should
be done differently. First, the GLD samples were freestanding when they were frozen. This
does not accurately represent the conditions in a fuel cell. Second, the method ofmeasuring
resistivity that the author used only measures in-plane resistivity. The combined in-plane and
through-plane resistivity are both important, and as such, should be measured.
Benziger, Nehlsen, et.al [18] investigate how the water produced in the catalyst layer
flows and behaves in relation to the GDL. They first describe how the GDL behaves in regards
to hydropilicity or hydrophobicity. A hydrophilic material will allow the condensation ofwater,
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and this water will remain in the pores and hinder gas transport. However, if the GDL is
hydrophobic, water will be prevented from entering the medium unless a requisite pressure is
reached in order to convectively force water through the medium. A GDL-appropriate Carbon
paper sheet is naturally hydrophobic, and as Teflon is added to the GDL, the hydrophobicity will
increase. Additionally, GDLs have a counter-current ability, in that air and water currents flow
in opposite directions simultaneously. To determine the void fraction in the medium, the authors
used Kerosene, which freely wicks into the samples. As far as the hydro static pressure is
concerned, the authors noticed a very interesting phenomenon. The water pressure head was
increased, but no flow through the medium was noticed until 5200 Pa. Above that point, water
would flow. Once water was flowing through the GDL, the pressure was decreased to measure
the pressure/flow correlation. Even when the pressure head was below 5200 Pa, water would
still flow. Another relevant observation the authors made is that the pressure head required to
force water through the GDL samples decreased from the virgin samples to the used samples.
The authors also state that the carbon cloth has pores as large as 250 microns, whereas the carbon
paper has pores of only 50 microns. Those pores, however, are irregular and do not offer a direct
path through the medium. As mentioned in several porous media papers, the water will take a
percolation path through the GDL, but here, the authors state that the water will travel through
the largest pores only, as the Teflon keeps the smaller pores from taking on water. In order for
the water to travel through the GDL, a pressure is required as aforementioned. This pressure is
derived either from the volumetric constraints at the water generation sites (catalyst layer) or
through being absorbed into the PEM, causing it to swell. Their work in regards to measuring
the amount ofwater absorbed into the GDL seems to be consistent with the test I have
performed. In my testing, water will fill about 17 percent of the GDL's void space (by volume).
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In summary, up to 60 percent of the volume in a GDL can be filled with water, but only a
fraction of that space is used for water transport. The GDLs need irregular pore distributions so
as to allow larger pores for water transport away form the catalyst and smaller ones for gas
transport to the catalyst sites.
Nishida et.al [19] investigate water generation and freezing behavior in an operational 5-
cm2fuel cell. They aim to promote water removal from the cathode GDL because the condensed
water in the GDL will inhibit gas flows to the reaction sites.
To study water generation and distribution, they ran the cell at an environmental chamber
temperature of30 C and subsequently decreased the temperature to 10 C. Uponmaking this
change, the size and number of the droplets increased. This suggests that as temperature is
decreased, the amount ofwater condensed in the GDL is increased. Similarly, the size of the
droplets produced from the GDL surface will increase in the downstream direction. This is
attributed to the fact that the humidity of the gases increases in this direction, as well as the fact
that the amount of condensed water is increased. They also studied water transport through the
GDL. They determined that the water droplets are formed at or near the catalyst layer and are
transported to the GDL surface by capillary motion.
Another phenomenon thatNishida et.al wanted to study was the removal ofwater from
the GDL volume. An improvement theymade to a current GDL was to put very small and
shallow grooves in the GDL surface. They determined that with this improvement, the liquid
water that is produced quickly migrates to the grooves and will be removed much more easily.
In testing, a cell without the grooves in the GDL was set to a prescribed current density and
temperature. Within 180 second of operation, the voltage dropped to zero because the water
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produced could not be removed, and the flooding inhibited reactant gases from reaching the
catalyst surface.
Nishida et.al also looked at freezing phenomena. However, they observed how water
froze from cold start-up as opposed to post-shut-down freezing of a fuel cell. They noted that
water produced in a cold cell would not freeze immediately due to the heat from the chemical
reaction that is occurring.
2.3 - PEM Freezing Performance end-effects
While it is important to understand the mechanisms of degradation in porous structures,
the end effect must also be examined. In the following investigations, experiments are run in
order to determine (a) the effects of the freeze/thaw cycling on the fuel cell system as a whole,
and (b) the effects that adhering to a water-purge protocol can have on the life of a fuel cell.
Yan et.al [6] studied the cold start behavior of PEMFCs and the effects of low
environmental temperatures on the performance of an operating fuel cell. Custom catalyst ink is
formulated and applied to carbon paper to make the electrodes. The MEAs are then assembled
using Nafion and hot-pressing the electrodes on each side. To benchmark the performance
characteristics, polarization curves were taken immediately before, during, and after operation at
the desired sub-zero temperatures. The polarization curves are then compared to look for
irreversible damage caused by the cycling.
Tests are conducted to determine the PEM fuel cell's starting characteristics from -5, -10,
and -15 C. The cell was first run at either room temperature or 80 C. After allowing the fuel
cells to stabilize and before bringing the temperatures to sub-zero, one of three treatments was
applied to the feed streams. Either (a) the cells were purged with dry hydrogen (anode) and air
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(cathode), (b) they were purged with dry nitrogen (anode) and air (cathode), or (c) they were not
purged. For restart attempts, dry gases at room temperature were fed to the cells.
Successful starts were performed from -5 C given that the cells were purged. However,
purging did not necessarily guarantee that the cells would successfully start from temperatures
lower than -5 C because the water produced during the chemical reaction would freeze and
hinder the gas flow. Additionally, when the feed gases were pre-heated, the cell started up much
more easily. However, it could not start at low stoichiometry or temperature.
To gauge performance of the fuel cell at different temperatures, the environmental
chamber was used to change the ambient temperature around the fuel cell. The temperatures
were varied from -15 C to 80 C at different intervals. As the chamber temperature was
changed from -15 to 25 C, performance increases were noticed. However, performance
degradation occurred during chamber temperature changes from 25 to 80 C. Yan et.al attribute
this to the fact that the membrane loses proton conductivity above 25 C. The best fuel cell
performance, therefore, was realized at room temperature.
Water can exist in three forms in the GDL and on the membrane (free water, bound
water, and bound-non-freezing water). The term
"bound" is used to refer to the presence of
chemical interactions with protons present in the membrane. The bound non-freezing water, as
the name suggests, will not freeze. The bound water freezes typically at temperatures between
260 K and 213 K. The free water freezes at about 273 K, or 0C. The freezing water causes
several sources of decay when the cell is exposed to the low temperatures. First, ice can form in
the cell and hinder or block the transport of gases across the GDLs. Second, de-lamination of the
catalyst from the GDL and membrane may occur. Additionally, color changes of the GDL
suggest that the Teflon binder in the carbon structure can become damaged.
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Cho et.al (2003) [7] conducted similar freeze/thaw research on an operational fuel cell.
They utilized a very thorough test procedure to examine precisely the sources of degradation
when a PEMFC is thermal cycled. Catalyst ink was created and applied to the electrodes, and
the MEA was assembled in a very similar manner to Yan et.al [6]. Cho attributes the
degradation of PEMs to the volume change caused by water's liquid-solid-liquid phase and
density changes in water when it is freeze cycled. During the testing, the environmental chamber
and fuel cell were brought to the cell's 80C operating temperature. After the cell operation was
ceased, the chamber and fuel cell system were brought to -10C, sustained at that temperature for
one hour, and brought back up to 80C. During the testing, the current and voltage behavior of
the cell was monitored. Other parameters examined were the current density at 0.6 volts, pore
size distribution, electrochemical active surface area, and proton conductivity of the polymer
electrolyte. Despite thermal freeze/thaw cycling, the OCV of the fuel cell, as well as the proton
conductivity of the polymer membrane, were fairly constant and seemed independent of the
number of thermal cycles that the system underwent. The current density, however, decreased
about 9.3% after only four cycles. The pore size was similarly altered, as the cycling increased
the average pore size by over 66%. The electrochemical active surface area and catalyst site
utilization were also reduced. The decreases in performance of the cell, therefore, can be
attributed to an increase in both the ohmic overpotential and charge transfer resistance. Cho et.al
claim that since membrane's proton conductivity remains unchanged, the contact resistance is
the culprit for the increase in ohmic resistance.
Cho et.al [8] then published a similarly titled article in which they discussed the
previously determined degradation characteristics and tested methods to prevent degradation of
the fuel cell system due to freeze/thaw cycling. The data obtained in the aforementioned 80, -10,
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80 C cycle testing was used as the control data. Two separate test groups were then run, and in
each group, a different fuel cell water-purging method was implemented.
During the first experimental run conducted by Cho et.al, dry gases were run through the
cell until the relative humidity of the expelled gases reached a preset value. In these tests, the
OCV (open circuit voltage, zero load condition) stayed fairly constant, and the current density
declined very slightly (about 0.06% per cycle). This gas purge method proved to be an effective
method to reduce degradation of the cell. However, the disadvantage ofusing gases to purge the
cell is that it took around twenty minutes to reach the desired relative humidity value of the
outlet gas streams.
During the second experimental test, antifreeze solutions were used as a purge method.
The antifreeze was run through the cell via the gas feed lines for a few seconds. Since the
antifreeze can cause the membrane electrode assembly to swell, methanol and ethylene glycol
solutions were chosen in order to minimize the swelling. Thermal cycling using this purge
method yielded negative degradation rates, which imply that the performance is slightly
increased through antifreeze solution purging. Moreover, both of the experimental water-
purging methods proved to be effective, but antifreeze purging might be the more viable option
to prevent significant degradation in portable PEMFC applications.
In order to further examine the type and degree of physical damage to the membrane
electrolyte assemblies through thermal cycling, Guo and Qi [9] performed three different
treatment cases for the MEAs. In all such cases, the MEAs are thermal cycled from 20C to -
30C. The author used 30 minutes for the transient heating and cooling stages and six hours of
stabilization time at the bottom of each cycle (-30C).
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The first treatment case consisted of examining freestanding MEAs. The assemblies that
were only exposed to the relative humidity in the ambient air sustained significantly less damage
than the MEAs that were fully hydrated. The treatment of the latter group ofMEAs consisted of
soaking in water at 80C for ten minutes, wiping to remove superficial water, and then
introduction to the thermal cycling. These freestanding, hydrated MEAs exhibited delaminated
and detached catalyst material, which could lead to increased contact overpotential.
In both additional treatment groups, the MEAs were assembled in a single-cell. The cell
was operated, and the reactant streams were cut abruptly. After undergoing thermal cycling, the
MEAs were tested. However, prior to the freezing, one treatment group underwent a dry reactant
gas purging procedure followed by a dry nitrogen purge for fifteen-minutes and one-minute,
respectively. The MEA that did not undergo a dehydration step sustained significant damage in
the form of fractured catalyst material. The MEA that was dehydrated, on the other hand,
exhibited no apparent damage. This illustrates that ifwater is removed before the cell is allowed
to freeze, less damage will occur. While damage was sustained by the MEA in the operational
fuel cell, both of these test cases appeared to be in a better state than the freestandingMEA. This
is attributed to the clamping assembly force in the operational GDL and the increased hydration
levels in the freestanding samples.
Despite sustaining cracks and damage to the MEAs, the operational fuel cell exhibited no
major short-term performance degradation. The author conjectures, however, that the lifespan of
the cell will still be negatively impacted by the damage. Guo and Qi, therefore, similarly
conclude that decreasing or eliminating the water content in theMEA prior to allowing a
PEMFC to freeze will prolong the lifespan of the cell.
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Several researchers at Ballard Power Systems (St-Pierre, Roberts, et.al, (2005) [13])
present their recent work with PEM and DM (direct methanol) fuel cells and how dry-gas
purging can be applied. This allows the water to be drawn away by convection and to evaporate
into the dry gases. This will help prevent ice formation in the cell when it is frozen.
For the testing, the fuel cell was allowed to cool to room temperature before purging took
place, and after freezing, it was allowed to thaw prior to the introduction of reactant-gas and
coolant streams. The authors make an important point as far as the timing of the purge. When
purge gases were fed through the cell, the channels would dry out first, followed by the diffusion
media, and subsequently the membrane. Therefore, ifpurge gases were fed for too long of a
duration, the membrane would dry out and negatively affect performance upon startup. Since
membrane conductivity would decline, the current provided at startup would be limited and
therefore the rate ofheating the fuel cell would be sub-optimal. However, the authors still saw
degradation in the fuel cell at a rate of -0.1 mV/cycle at 0.5 A/cm.
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3 - Objectives
3.1 - Research needs in studying GDL freeze effects
From the literature survey presented in the previous chapter, several observations can be
made. First, the freezing does have a significant negative impact on the durability and
performance of a fuel cell operating in sub-zero environmental conditions. Second, the free
standing porous materials like GDLs will sustain more damage than those tested under a
compressed state. Additionally, purging with a dry gas or antifreeze is effective, but purging
times and methods need to be carefully evaluated to avoid excessively drying the membrane.
Finally, the precise mechanism of freeze damage in the GDL is not known in the GDL matrix.
3.2 - Objectives of the present work
In order to better understand these freezing damage mechanisms in the PEMFC GDL, the
objectives of the present work are to create an analytical model and an ex-situ test fixture of a
PEM fuel cell GDL in order to:
Develop a physical model to identify the forces caused by freezing water in the GDL's
capillary pores
Experimentally determine the freeze damage in terms of
o GDL's electrical resistance in a combined through- and in-plane direction
o GDL's through-plane resistance to air flow
o Surface hydrophobic properties of the GDL
o Physical damage incurred
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Develop an understanding of the GDL damage mechanisms by studying the results from
the numerical and experimental studies
These objectives will ultimately aid in determining the degradation of a working fuel cell
due to the losses that are represented. First, the gas permeability measurement should give an
idea ofhowmass transport losses will correspond to thermal cycling. If the structure of the GDL
is changed through an increased in the pore sizes, gas permeability should increase, andmass
transport might therefore occur more readily and reduce the fuel cell inefficiency. Another area
of concern in fuel cells is the ohmic overpotential. The electrical conductivity of the GDL is
very important to the efficient operation fuel cell. This will be measured as a function of thermal
cycling. The results from this testing should be able to give insight as to the effects of thermal
cycling on the ohmic losses and mass transport losses.
3.3 - Approach
These objectives will be accomplished through the following engineering techniques (in
their respective order)
An ANSYS model will be created to determine the stresses when a water-saturated GDL
is frozen
A test fixture will be devised that allows for in-plane, through-plane, and combined
through- and in-plane electrical resistance measurements
The pressure-flow rate characteristics of the GDL in the through-plane direction will be
monitored at several stages in the testing
21
A high-speed camera will be used to record droplet departure events so the diameters and
contact angles can be measured
A microscope will be used to take highly-detailed pictures of the GDL both before and
after the cycling
An additional explanation of the electrical measurements is in order for clarity. In the fuel
cell, as aforementioned, the electrical current must be able to travel from the catalyst sites,
through the MPL and GDL, and ultimately to the bipolar plates with as little resistance as
possible. However, the path taken by the electrical current is not necessarily a strictly through-
plane one. The green arrows in Figure 3.1 represent the approximate pathway of air diffusion
from the gas channels. The electrochemical active surface area, while existing under the lands of
the GDL, will also exist under the channels themselves. Since the bipolar plates serve as current
collectors, the electrical current will need to travel on pathways, such as shown in the next
figure. The red arrows in Figure 3.2 represent the paths that the electrical current may need to
take to travel from the electrochemical active surfaces to the lands of the bipolar plates. It can
therefore be observed that both the through-plane and in-plane electrical resistances are of
significance when discussing Ohmic losses in the PEM fuel cells.
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Figure 3.1- PEM reactant gas path
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Figure 3.2 - PEM current path
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4 - Analytical Modeling
There are several papers that detail analytical models of freezing in pores in soil or
concrete [14 - 17], but none detail how this would apply to a carbon paper-type structure. The
finite-element modeling software ANSYS will be employed to address this.
4.1 - Model
The model will consist of a portion of a GDL cross-section. The entire section will be
190 pm thick, which is the approximate thickness of a GDL. The section was chosen to be 210
pm wide for modeling. In addition, three pores were added. Literature on gas diffusion layer
structure states that pores can be on the order of 10-30mm in diameter. As such, the widths of all
the pores in the model are chosen to be 30 pm diameter, which is on the high-end of the range
but is still a reasonable size.
^a
Modeled Region
Bipolar Plate
section
GDL section
Cathode Catalyst
section
Figure 4. 1 - Location ofGDL modeled region
Figure 4. 1 shows the location of the modeled GLD cross section. This section is the
complete thickness of the GDL in between the bipolar plate gas channel and the cathode catalyst
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layer. It is not the entire width of the gas channel, but rather just a small portion that will be
modeled.
Figure 4.2 - Model areas
Figure 4.2 shows the areas in the cross-sectional model. Area A2 (purple) is the GDL
material. Areas Al, A4, and A3 (light blue, darker blue, and red, respectively) are the pores in
the sample. Pore Al is fully enclosed by the GDL. Pore A4 is modeled at the bottom of the
GDL cross section, and is assumed to be bounded by the GDL on three sides and the catalyst
layer on the bottom. Pore A4 is located toward the upper surface of the GDL and is exposed to
the gas channel. Pore A4 is bounded by the GDL on the three remaining sides, but is free to
expand upwards into the channel region. Pores Al and A4 are modeled as 30 x 30 pm square
pores, whereas A3 is modeled as 130 pm deep. The top of the GDL is taken to be the surface
inside the gas flow channel, and the lower region containing pore A4 is the surface against the
catalyst layer and membrane, and is therefore assumed to be fixed in the vertical direction.
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In this simulation, the pores are modeled as being filled with water. The GDL's top and
bottom surfaces will then be exposed to a temperature of249 Kelvin (about -1 1F and -24C).
The water's thermal expansion coefficient will be used to model the water's volume change upon
freezing. This expansion will put a stress on the pores modeled in the GDL structure. The
model does not take into account the possibility of sub-cooled liquid water being present in the
pores.
The simulation will be a coupled thermal-structural model. To perform this, the system
must be modeled as a thermal element, saved in a thermal environment, and then converted to a
structural element and saved in a structural environment. The thermal problem will be solved,
and after the results are found, the structural model will be solved using the temperature
distribution found in the thermal analysis. These analyses together will give a stress distribution
in the GDL as a result of freezing.
The freezing will be modeled as starting at the top and bottom boundaries of the GDL
(gas channel and catalyst layer, respectively). It is assumed that the upper pore is filled with
water, which will not exit into the air channel. This assumption is based on the fact that water
will remain in certain pores in the GDL structure and is held in with surface tension forces. The
freezing front will travel from the upper and lower boundaries towards the center of the GDL.
Again, this ensures that the liquid water is not evacuated into the channel in the model. The
desired output of this model is the distribution of the Von Mises stresses in the GDL. This will
allow a conjecture to be made as to whether GDL damage is expected due to the presence of
water during a freezing event. This output will be compared to and verified against the
experimental results that will subsequently be collected.
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4.2 - Material Properties
As there are two separate analyses that must be incorporated into this mode, both thermal
and structural properties of these materials must be in put into ANSYS. For the Thermal
analysis, only three properties are needed: the thermal conductivity [20], the specific heat [21],
and the density [20]. However, the GDL is a carbon paper material, and as such, the fiber
orientation in the GDL is not unidirectional or even in a prescribed direction. As microscopic
images have shown, the GDL fibers are in every direction, not only in the x-y (in-plane)
direction, but also in the z-direction (through-plane). Due to this, the GDL must be modeled as
an isotropic material with bulk properties taken from the manufacturer's website. The
manufacturer's website does not list a specific heat, so Matweb was used to locate a similar
material with this value listed.
The GDL carbon material is simulated as having isotropic properties as follows: a
specific heat of 710 J/kg.K, a thermal conductivity of 21 W/m.K, and a density of440 kg/m3.
The thermal conductivity and the density are given on the manufacturer's website (Toray) [20],
and the specific heat was taken from Matweb as a specific heat of a comparable carbon cloth
(Thornel Carbon Fiber VCB-20 Carbon Cloth) [21]. This material was chosen due to the
carbon composition of the cloth, which is assumed to be similar to the graphite/carbon
composition of the GDL.
The thermal properties ofwater must also be tabulated in ANSYS. The relevant
properties are thermal conductivity and enthalpy. The temperature-dependent properties ofwater
are shown in Table 4. 1. The nomenclature Kxx and ENTH are ANSYS' notation for isotropic
thermal conductivity and enthalpy, respectively.
27
In addition to the thermal properties, the structural properties ofboth materials must be
input. There is no data on the modulus of elasticity (Young's Modulus) given by Toray, but it
does list a bending modulus. To determine an appropriate value for Young's modulus, data
obtained in the Introduction to Composites course was referenced. A T300 fiber and 5208
matrix composite material has an axial modulus of 132 GPa and a transverse modulus of 10.8
GPa. Since this material's transverse modulus is in the vicinity of
Toray'
s 10 GPa flexural
modulus,
Toray'
s figure will be used for Young's modulus. The Posson's ratio will be taken
from the T300/5208 composite material data.
Conductivity (Kxx) forWater
at 243.1 5 K
at 273.1 5 K
at 305 K
at 330 K
at 353.15 K
EnthalDV (ENTH) forWater
0.5690 W/m.K
W/m.K
W/m.K
W/m.K
W/m.K
0.5691
0.6200
0.6500
0.6699
at 243.1 5 K
at 273.1 5 K
at 305 K
at 330 K
at 353.15 K
0
J/kg
J/kg
J/kg
J/kq
0.1
1.34E+05
2.38E+05
3.35E+05
Table 4.1-Water thermal properties
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GDL
Ex 1.00E+10 Pa
Prxy 0.24 ~
Water
Ex 1.00E+10 Pa
Prxy 0.24 ~
Temp Temp Strain, CTE
K C E
243.15 -30 0.0276
253.15 -20 0.0281
263.15 -10 0.0287
273.15 0 0.0294
277.128 3.978 0
283.15 10 9.00E-05
293.15 20 0.000587
303.15 30 0.00144
Table 4.2 - Structural Properties of
GDL and water
Table 4.2 shows all the input structural data for the GDL and the water. The thermal
strain data for the water was calculated as follows; first, the volume for 1kg ofwater was
calculated from the water's density, p.
m[kg]
V[m3] =
Plkg/m*]
Assuming that this volume is a cube, each edge length of the cube is calculated.
l-MV
From this edge length, /, the linear strain, e, is calculated.
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E =
In
Equation 4. 1
Equation 4.2
Equation 4.3
In the Equation 4.3, l0 is the
"original"
edge length at the reference temperature. This
temperature is taken as 277.128 K (3.978 C) because the water's density is greatest and the
coefficient of thermal expansion is zero at this point. These strain values are input into ANSYS
in the Secant Coefficient ofThermal Expansion. From these secant values, ANSYS calculates
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the instantaneous coefficients of thermal expansion required for the stress analysis. It is also
important to note thatModulus ofElasticity and Poisson' s Ratio values are noted for the water.
These values are irrelevant in the scope of calculating stresses in the GDL. These give stress
distributions in the ice, which is of little importance. Due to this, the same values for the
composite GDL were used for the water.
Before any further testing could be conducted, the model had to be meshed. Figure 4.3
shows how the mesh has been constructed. The entire sample was meshed using a
ANSYS'
mesh tool and a global mesh size of 4. The mesh was then refined at each internal boundary of
the pores. The refinement was performed using
ANSYS' "refinemesh"feature in the mesh tool.
Figure 4.3 - Meshed areas
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4.3 - Results
The thermal analysis must be conducted prior to performing the structural analysis.
Initially, the thermal analysis was conducted as a transient analysis. The GDL and water system
was given some initial temperature of294 Kelvin. The upper and lower edges were exposed to a
freezing temperature (249 Kelvin). The transient analysis showed that, given the high thermal
conductivity of the material and the size of the model (190mm x 210 mm), temperature gradients
in the modeled section would be small and the temperature would reach steady state very rapidly.
Due to this, it was deemed that performing a transient analysis was fairly unnecessary, as
the GDL reaches its steady state temperature distribution so quickly. The thermal analysis would
be conducted by applying a freezing temperature at the top and bottom surfaces. Figure 4.4
shows the nodes at each of the meshed points, as well as the nodes at the top and bottom where
the freezing temperature was applied. After the steady-state problem was solved, a uniform
distribution of244 Kelvin was achieved. This data was then applied to the Structural analysis as
a "structural temperature". In figure 4.5, the displacements of the ice and the GDL are shown. It
is noteworthy that the structural boundary conditions are for zero displacement at the left edge,
right edge, and bottom edge. The top edge is free to expand upwards. Based on the image, the
ice should have a displacement of 54.6 pm in the y-direction, and the GDL should have an
approximate displacement of40.9 pm. These displacements translates to stress in the y-
direction. Figure 4.6 shows these y-direction stresses. The maximum stress occurs in the GDL
at the top of the deep pore, and it is approximately 0.534
xlO10Pa (5.34 GPa)
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Figure 4.4 - Nodes and temperature application
Figure 4.5 - Nodal displacements
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Figure 4.6 - Stress in y-direction
Figure 4.7 - VonMises Stresses in the GDL
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From Figure 4.7, the Von Mises stresses can be estimated. In the internal comers of the
GDL, the Von Mises stress appears to be in the vicinity of 0.766
xlO10
Pa, or 7.66 GPa. The
Toray site gives no pertinent information for ultimate tensile strength, but data can be found for
T300/5208. The axial tensile strength is 1.513 GPa, and the transverse tensile strength is 43.4
MPa. Given these values and the Von Mises stress value, the GDL should break catastrophically
in these corners. While the GDL is not, in fact, an purely isotropic material, and the ice
formation is not exactly going to be in a rectangular or cylindrical shape placing stress on these
perfectly square comers, this model still illustrates a useful concept. The GDL is made up of
fibers, and these fibers can form sharp corners where they are bonded together. If enough water
is available, and the right temperature is present, there should be ice formation in the GDL that
can cause catastrophic damage to the GDL either as broken fibers or shattered binder layers.
This will be tested during the experiments to check for the presence ofbroken fibers or segments
of the binder.
4.4 - Discussion
Several assumptions were made in the development of this model. The pore shapes,
sizes, and locations, as well as the isotropic properties of the GDL, all contribute to the results
contained herein. However, the model does suggest some potential consequences of this
freezing. The GDL can be forced upward into the channel, and if this is the case, shear stress can
be placed on the GDL in the area of contact with the bipolar plate land. Similarly, internal pores
will also incur stresses as the ice forms. At these pores, catastrophic damage may occur to the
fibers or the binder layer. Further testing on an actual GDL sample will show whether these
observations hold true.
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4.5 - Conclusions
This ANSYS model shows that for water trapped in the internal porous networks of the
GDL, freezing may have detrimental consequences. As water freezes, it will expand and thusly
exert significant stresses in the materials of the GDL. The VonMises stresses observed were on
the order of 7.7 GPa, and this value exceeds approximate tensile strengths of a similar carbon
composite material of 1.513 GPa and 43.4 MPa in the axial and transverse directions,
respectively.
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5 - Experimental Setup
5.1 - Objectives of the experimental study
Prior to delving into details of the test section, compression fixture, and fluid supply
procedures, it will be beneficial to discuss the requirements for the thermal cycling and
performance testing.
First, the GDL sample must be compressed. While it is compressed, air and water must
be supplied either through or along the GDL sample.
For testing, the pressure of the upper chamber must be measured, and electrical resistance
measurements must be performed without removal from the fixture.
Video data must be taken of droplet behavior in the lower air channel.
Figure 5.1 shows the entirety of the testing loop. All of the individual components will
be explained below in their proper sections, but it is useful to know the gray box containing a
blue and green section, bounded by nodes 2, 3, 4, 12, and 13 is representative of the actual test
section. All upper connections to the test section (connected to nodes 2 and 4) represent the
water delivery portion, and the lower connections (nodes 12 and 13) represent the air delivery
portion.
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Figure 5.1- Complete testing loop
5.2 - Test Section
There are several requirements for the test section in regards to accomplishing the
objectives. It goes without saying that the GDL should be present in the test section, but one
aspect that is fairly novel is that the GDL should be compressed in a manner comparable to that
which an operational fuel cell is assembled. There must also be a method of delivering water
through the GDL into a gas channel, just as in an operational PEM fuel cell. The test section
must have a means to measure the pressure and rate of fluid deliver into the upper chamber and
through the GDL. Additionally, the section must have a provision for measuring electrical
resistance, while simultaneously being transparent enough to visualize water droplet departure
characteristics in the air channel.
The water delivery, air channel, and air delivery will be addressed through the use of two
channel plates. These plates should be made out of Lexan (polycarbonate). The inner channel
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surfaces will be vapor polished for optical clarity and successful imaging with a high-speed
camera. However, the resistance measurements must be taken while the ex-situ test rig is
assembled and compressed, and this issue needs to be addressed. The test section must not be
disassembled, because to do so stress-cycles the GDLs and adds another confounding factor to
the experiment.
Electrodes must be implanted into the channel plates due to the fact that the Lexan
channels are non-conductive and cannot be used for resistance measurements. The electrodes
chosen are Brass 4-40 threaded rods one-inch in length, and they were purchased from McMaster
Carr. The ends of the brass rods were flattened using an end mill as shown, and the electrode
surface flatness was gauged to be within 0.001"(25.4 pm).
Flattened end
Figure 5.2 - Flattened electrode tip used in resistance measurement probes
This flattened end can be seen in Figure 5.2. Electrode holes were then drilled and
tapped into the Lexan channel plates. The next object was to set the height of the electrode tips
with respect to the surface of the channels plates (henceforth referred to as the Deck Height).
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This was done using a dial surface gage on a granite slab. The deck height of each electrode was
set to precisely
0.001"
so as to ensure that the electrodes would make sufficient contact with the
GDL sample when everything is assembled and compressed. Once the electrodes were placed,
they were epoxied to the channel plates where the electrodes protruded on the backside. After
allowing the epoxy to cure overnight, the electrode tip heights were checked again, and all were
still at the desired 0.001" deck height.
Figure 5.3 shows how the bottoms of the electrodes were fixed to the channel plates with
epoxy. Figure 5.4 illustrates the simulated active surface of the water channel plate. The
electrode tips can be seen in relation to this surface. To the touch, these tips and the channel
surface feel flush. Once the electrodes were installed, the spring plate, side plates, and bottom
retaining plate had to be modified in order to allow for clearance of the electrical wiring. The
locations of the electrodes are also approximated in Figure 5.1.
Figure 5.3 - Electrode bottoms fixed to channel plates
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Figure 5.4 - Electrode tips on channel plates
5.3 - GDL Samples
GDL production follows many of the steps of carbon paper production. First, the fibers
to be used are subjected to a carbonization procedure, in which temperatures are reached that
cause the fibers to rum primarily into carbon. The carbon fiber paper is thenmade in a similar
fashion to paper making. At this point, resins are injected into the paper. After this, the paper is
molded into the desired size and shape, and then temperature cured. Once the composite is
cured, the paper undergoes a graphitization step inwhich the fibers are converted to a graphite,
while the matrix remains as a carbon. After this stage, the GDM is typically treated with Teflon,
and a MPL containing a Teflon matrix is applied to one side.
The GDM samples used for testing are from General Motors, and are manufactured in a
similar way. They consist of a carbon paper-type material. The material was treated with a
Teflon coating, and a microporous layer containing Teflon was subsequently applied.
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5.4 - Test Section Compression Fixture
In an operational fuel cell stack, a large compression force needs to be applied to ensure
that all appropriate seals are maintained between the components. If the seals are not
maintained, air and hydrogen may leak and lower the fuel conversion efficiency of the stack. For
this reason, there needs to be a compressive force applied to this ex-situ test section as well. To
do this, a fixture utilizing eight die springs was used to ensure a uniform pressure distribution
across the GDL surface area.
Figure 5.5 - Compression fixture used in GDL freeze study setup
Figure 5.5 above shows the compression fixture. On either side, 1.5mm-thick stainless
steel plates are used to provide the tension required to maintain proper loading while the fixture
is out of the assembly press. The stainless steel plates are bolted to stainless-steel blocks, which
are used on the top and bottom of the fixture.
41
Figure 5.6 - CAD model of compression setup
Figure 5.6 is a computer-aided design (CAD) model of the internal compression
mechanism of the test fixture. The upper [A] and lower [F] pieces are the stainless-steel end
blocks. The light-grey component [B], just below the top SS end block, is the aluminum spring
retainer plate. The red springs [C] can be clearly seen in Figure 5.6. The light-grey plate just
below the springs is the aluminum spring plate [D]. This plate is used to distribute the
compression force evenly across the channel plates [E], which are the lightly-tinted pieces below
the spring plate.
An accepted value for fuel cell compression is 300
lbf/in2
(psi) or 2070 kPa over the GDL
surface area. The gas diffusion layers used for testing are 1 1mm x 207 mm. This yields a
surface area of2277 mm2, or 3.530 in2. In order to obtain this pressure of 300 psi, 1059.1
pounds of force are required. Therefore, the fixture will be compressed with approximately 1060
lbf.
42
5.5 - Air Supply Loop
Water is primarily generated and removed on the catalyst side of a PEM fuel cell, and
thusly, this halfof the cell will be simulated. The air will be used at room temperature, or
approximately 25C. The only requirement for the airflow on the catalyst side of the ex-situ
fixture is that the flow rate can be selected.
Figure 5.7 - Air loop schematic: (3) electrodes, (9) air tank, (10) air regulator, (1 1 ) air rotameter, (12) air
test section inlet, (13) test section air/water outlet.
Figure 5.7 demonstrates how this will be accomplished. The components in Figure 5.7
are as follows:
ComponentNumbers - Component name
3) Electrodes
9) Air Tank
10)Air regulator
11)A irRotameter
12) Test section air inlet
13) Test section air/water outlet
A compressed air tank (AirGas Ultra-Zero Grade) (node 9, Figure 5.7) will be equipped
with a pressure regulator (node 10). The pressure coming out of the regulator should be around
43
10 lbf/in2 (psi). The airflow will then be directed through a rotameter (node 1 1) with an integral
flow-control valve to vary, as well as monitor, the volumetric flow rate through the fixture.
After traveling into the test section (node 12) and out of the section (node 13), the air and
removed water will be exhausted into a catch can.
5.6 - Water Supply Loop
The water supply system is detailed in the figure below.
Figure 5.8 - Water supply loop: (1) syringe pump, (2) test section water inlet, (3) electrodes, (4) test section
water outlet, (5) t-fitting, (6) pressure transducer, (7) bleed valve, (8) bleed tube exit, (15) computer.
Figure 5.8 shows how the water is delivered to the test section. The list of components in
the setup is detailed in the list below:
Component Numbers - Component Name
1) Syringepump
2) Test section water inlet
3) Electrodes
4) Test section water outlet
5) T-fitting
6) Pressure transducer
7) Bleed valve
8) Bleed tube exit
15) Computer with Labview data acquisition software
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Node 1 in the above figure shows the Kent Scientific "Genie" syringe pump with a
Medallion 60 mL syringe. The syringe is loaded with De-ionized water, which will be used for
all the testing stages. The water flows into the water channel at node 2. At the channel exit
(node 4), a T-fitting (node 5) is equipped and a pressure sensor (node 6) is fitted. This sensor is
tied to a Labview data acquisition system (node 15) to read the pressure at the channel exit.
Downstream of the T-fitting, a bleed valve (node 7) is attached. The purpose of this valve, is to
allow all the air to be purged from the hydraulic side of the test fixture.
5.7 - Electrical System
The electrical system is used to measure the electrical resistance of the GDL in several
locations, as described in the subsequent Experimental Procedure section. Two measurement
methods were considered: a straight resistance measurement using a multimeter or the four-
point measurement technique. The four-point method is typically used where the resistance in
question is small with regard to the resistance of the measuring loop.
Current
Application
M^
Voltage
Measurement
-K
+ -
cy) \ /
Unknown
Resistance
Figure 5.9 - Four-point method formeasuring electrical resistance ofGDL samples
during freeze testing.
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In the four-point method, as illustrated in Figure 5.9, a known current is supplied through a
circuit containing the unknown resistance. The voltage drop across this unknown resistance is
measured. The following equations must be used to calculate the unknown resistance:
V = IR Equation 5. 1
V
R = Equation 5.2
However, this method brings both voltage and current measurements into the equation, which
allows for a tolerance or uncertainty stack-up. Additionally, an external load was attached to the
system and tested. The behavior or the external load caused slight fluctuations in the
measurements of current and voltage drop. In order to gauge the resistance of the wires and
connectors with respect to the resistance of the GDL, an assumption was made. The lowest
resistance recorded for the entire system (wires, plugs, solder connections, electrodes, contact
resistances, and GDL resistance) was 0.027 Q. As can be seen in Table 7.1, the measured
resistances of the GDL are typically on the order of
lOMO1
ohms. Assuming that in the 0.027Q
measurement, the GDL was a perfect conductor and contributed nothing to that resistance value,
the resistance of that system will be a maximum of 0.027Q. Therefore the resistance of the
system will have a maximum contribution of27mQ, which on the range of 1-10Q, is a
contribution of2.7% to 0.27%. Therefore, the resistance contribution of the electrical system is
determined to be small, an as such, the resistances will be measured using the HP 3466A digital
multimeter.
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Figure 5.10- Electrode and wire solder connections
As previously mentioned, electrodes in the channel plates that make contact with the
GDL surface will be used for the electrical resistance measurements. Figure 5.10 shows that
each electrode (seen in Figures 5.1, 5.7, and 5.8 at node 3) will have a 14-gauge multi-strand
silicone-coated wire soldered to it withW.S. Deans silver solder. The bases of each electrode
will then be covered in shrink-wrap to prevent shorting in the test section.
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Figure 5.11-Mounted test fixture with wire connections
Each wire will have a male W.S. Deans Ultra Plug Soldered to it, as shown in Figure 5.1 1
in the red circle. The Deans plug is the red and copper, two-prong plug at the end of the purple
wire. The HP multimeter will have the female counterparts attached to a more 14-gauge wire.
At the opposite end, the wire will be soldered to a banana plug and inserted into the multimeter
in order to obtain resistance measurements.
5.8 - High Speed Video System
A high-speed camera system must be used to observe the droplet behavior in the air
channel. A Photron Fast-Cam APX system (node 14 in Figure 5. 1) was set up perpendicularly to
the test section and fitted with a microscopic lens. This allows for a clear view of the 1mm
square channel cross section.
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Figure 5.12- High-speed camera setup
In Figure 5.12 above, the camera and test setup can clearly be seen. The camera is
mounted on a bracket fixed to extruded aluminum channels, and is connected to a mount that
allows for fine up/down and side-to-side adjustment for precisely locating the focal point. The
camera requires external lighting, and as such, a microscope light is located to the side of the
camera.
Figure 5.13 illustrates the placement of the microscope light sources in relation to the
camera lens and test fixture. It also shows piece ofwhite printer paper placed on the opposite
side of the channels to provide an adequate background for imaging. All the videos were shot at
500 frames per second, and were typically brought to a lower frame rate to allow for more
reasonable video file sizes while still highlighting the droplet departures.
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Figure 5.13-Video lighting setup
5.9 - Experimental Parameters and Uncertainty
There are three different tests that will be performed that require an uncertainty analysis.
These tests are the electrical resistance measurements, the pressure drop measurements, and the
droplet departure diameter and angle measurements.
5.9.1 - Uncertainty in Electrical Resistance
The electrical resistance tests will be performed using an HP 3466A digital multimeter.
The multimeter will have soldered connections at the banana plug-to-wire and the wire-to-Deans
plug joints. The test fixture will have solder connections at the electrode-to-wire and the wire-to-
Deans plug joints. The Deans plugs fit together only one way. These solder and plug
connections are important so as to eliminate the connection method each measurement cycle as a
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possible source of error. The only uncertainty in this procedure should come from the digital
multimeter itself. To find this, the product literature for the multimeter was located. The 3466A
model, in the range used for measurement, is quoted for 1 year between 15 and 30C to have an
accuracy of 0.08% of the reading. This is to say that for any reading x, the true resistance
measurement should lie withinx 0.0008* . Therefore, the error on this multimeter is very
small.
5.9.2 - Uncertainty in Differential Pressure Measurements
The next source of error is in the pressure measurement across the GDL. The pressure
sensor is an Omega differential pressure transducer. One side is used to measure the chamber
pressure, and the other side is vented to the ambient pressure in the test facility. It is important to
clarify that the air contained in the T-fitting, bleed hose, and pressure transducer is stagnant. The
air will travel through the GDL, and these components are located "downstream" of the GLD, so
to speak. Air will not be allowed to exit through the bleed valve during this testing, so it is safe
to make the assumption that air does not flow thorough the t-fitting, thereby contributing to the
pressure reading. The power supply for the sensor had a voltage output set at approximately 10
volts, but the sensor's voltage input was unchanged for the duration of the testing. The sensor
was calibrated using an Omega model DPI 610 Pressure Calibrator, and this calibration was
unchanged for the duration of the air testing procedure. The sensor, however, only output
pressure values with a precision of 0.016 psi. This is to say that the pressure outputs would
step in that particular interval. This error is taken into account with error bars in the air pressure
charts.
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5.9.3 - Uncertainty in Droplet Departure Measurements
The final testing stage was the droplet angle and departure diameter measurements. Due
to the fact that these measurements were taken from videos of departing droplets, the best way to
determine the uncertainty is to use statistical techniques. Each measurement of angle or diameter
was taken three times. A t-distribution was used, where the
"population"
mean and variance
must be estimated using the sample mean and variance. The confidence intervals were
constructed at both 90% and 95%. The confidence interval basically states that, given sample
data, the "population" or true mean will fall within a certain range with 90% or 95% certainty,
respectively.
S s
x-tal2F=<[i<x + tal2j= Equation 5.3
In the above equation, fx is the true mean, x is the sample mean, s is the sample standard
deviation, n is the number of samples taken (in this case, n=3), a is the confidence level, and t
represents the t-value taken off of statistical t-charts. This interval will yield confidence at a
(1- a)* 100% level.
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6 - Experimental Procedure
The experimental procedure involves two major steps: (i) performing the simulated
operational cycles and (ii) measuring the performance characteristics of the GDL at the specified
intervals within the operational cycling. The first two sections (6.1 and 6.2) discuss how thermal
cycling and fluid supply protocol will be carried out in the first of the two major steps. Section
6.3 and its subsections will describe how each of the individual performance characterization
measurements will be obtained in the second major step of the procedure.
There is one part of this work that is particularly novel. This is that the GDL sample will
be compressed in a test fixture, and the compression will be on par with what is typically used
for PEM fuel cell assembly. Additionally, instead of simply soaking the GDL to obtain a certain
moisture content, water will be delivered through the GDL to a gas channel. The rate ofwater
transport, as well as the flow rate for the air, will be carefully chosen to simulate rates that are
obtained in operational fuel cells. This will offer results close to what should be observed in
practice in a real fuel cell.
6.1 - Thermal Cycling
Thermal cycling is the most important factor involved in the present research. The
freezer that will be used is an Irinox HCM 51-20 blast chiller. Since there is no heating function,
the freezer will only be used for cooling the fixture. The freezer will be pre-cooled to its
steady-
state minimum temperature, which is approximately -26F (-32.2C), before the test section is
placed inside. After the GDL is wetted in the controlled method described later in this section,
the fixture will be frozen. The fixture will be allowed to freeze for 90 minutes.
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In order to determine if 90 minutes is sufficient time for freezing, ANSYS modeling has
been completed. Assuming that the majority of the heat transfer occurs from the sides of the
Lexan channel pieces at a heat transfer coefficient of 15 W/mK, and given conservative values
for chamber temperature (-1 IF or-24C), at 1.5 hours, the temperature at the center of the test
section had reached 250 Kelvin, which is well below freezing (273. 15 Kelvin). Since the entire
test section and compression setup will be placed in the freezer, heat transfer will occur though
the upper and lower edges of the channel plates through the test section. This ANSYS model
therefore provides a conservative estimate of the sub-freezing temperature attained at 90
minutes.
Once removed from the freezer, the section will be allowed to thaw for 120 minutes at
room temperature. Upon completion of the wetting, freezing, and thawing stages, the fluid feeds
will be reinitiated and the cycling will be repeated.
6.2 - Water and Air Supply Procedures
The ex-situ setup will simulate an operational fuel cell as closely as possible. To
accomplish this task, the airflow and water delivery rate have been calculated for 1000mA/cm2
across the test channel surface area, which is a high but reasonable current density.
Prior to performing the freeze and thaw cycle testing, it is desirable to understand two
fundamental aspects of the GDL's behavior in the fuel cell. It is conjectured that the GDL will
retain water within its porous network after the cell operation is ceased, and this should be
verified. Second, it is important to understand approximately how much water will be retained.
To ascertain these details, a given procedure will be carried out. A GDL sample will first be
weighed. After the sample is assembled in the fixture, water will be supplied through the GDL
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so as to ensure that the medium is saturated. The fixture will be disassembled in a timely fashion
(to reduce evaporation), and the sample will then be weighed again. The sample will be allowed
to dry overnight and will be re-weighed and compared to its original weight. This procedure will
promote understanding of the GDL's water retention characteristics. Using the change in GDL
weight, the density ofwater, and the approximate flow area of the GDL in the through-plane
direction will yield a calculation of the volume ofwater retained in the GDL after operation.
In an effort to determine the aforementioned understanding ofGDL behavior, a test was
earned out. A GDL sample was assembled between two parallel channels (one for water and
one for air). Aluminum plates and C-clamps were used to apply a compressive force on the
GDL. Air was run through the air channel, and water was fed into the water chamber plate.
After allowing the system to reach steady-state operation, the air and water feeds were cut and
the GDL was removed. It was placed immediately on the scale and the weight was noted. For
the next weigh-in, a KimWipe was used to remove all surface water from the GDL and the
weight was again noted. The original, dry sample weight was 718.5 mg. The following table
shows the water content of this sample GDL before and after surface water removal during a
single trial.
Surface Water Weight (g) Water Weiqht (mq)
Yes 0.8136 95.1
No 0.7252 6.7
Table 6. 1 - GDL weights with water
After the surface water was removed, the GDL contained 6.7 mg ofwater in its internal
porous network. Given the area of the GDL exposed to the water channel and the thickness of
the GDL, the volume of exposed GDL can be calculated to be 45. 16 mm3. Using a porosity
value of 78%, it can be observed that 35.23
mm3
of the exposed volume is void space that can
potentially be filled with water. Similarly, given the density ofwater at room temperature of 999
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kg/m3, the volume ofwater stored in the GDL is calculated to be 6.707 mm3. This means that
the water in this case filled 17.23% of the void space in the exposed GDL volume.
In order to run the test setup to accurately simulate an operational fuel cell, the air must
be supplied to the test section at a given rate, and the water must be introduced into the chamber
at a rate that is consistent with the rate which water would be generated in the cell. In order to do
this, several assumptions must be made. Referencing Cho's paper (2004) [8], it is determined
that a fuel cell could reasonably run at 1000 mA/cm2 at 0.575 volts. In order to find the rate of
air consumption, the chemical reactionmust be observed: 2H2 + 02 - 2H20 . In order to see the
charge transfer in the chemical reaction, this equation must be broken down further:
2H2^4H+
+
4e~
, ^
. These are the equations for the anode- and cathode-side reactions,
02 +
4H+
+
4e~
- 2H20
respectively. For every mole of oxygen consumed on the cathode side, four electrons must pass
around the electrical circuit. The charge on one mole of electrons is F =N-e, where
N = 6.022 x 1023 and e = 1.602 x
10~19 Coulombs. The total charge on one mole of electrons is
therefore F = 96,485 Coulombs. The following equation set will show how the Oxygen and Air
requirements were derived:
ch arge = 4F x 02{moles) Equation 6. 1
charge (moles\
sec sec V sec /
2
T
4F (moles]I = x 02\ Equation 6.2
sec \ sec /
Electrical power, Pe, is defined as Pe = Vc I, where Vc is the cell voltage and I is the
electrical current traveling through the circuit. Rearranging the above equations,
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/4F
Pe
mol
s
mol
s
= 02
= 02
mol
s
mol
s4VC-F
Equation 6.3
Equation 6.4
To convert from moles/second to kg/second of oxygen, the following conversion factor
must be used:
mol
. 32g02 h \
s \mol 02 1x10 'J
mol
32 x KT3 = h Equation 6.5
Furthermore, the oxygen usage requirement can be developed by again combining the
power equation and the above equations.
P.-32xl0-3|Va =
o2 =
4VC-F
P,-8xl0"3
kg
V-F
P.-Vc-I
a =
V
7-8x10-
kg
Vc-F
/8xl0"3
0,=
Equation 6.6
Equation 6.7
Since the fuel cell is assumed to be running at 1000
mA/cm2
and 0.575 volts, the active
area must be calculated. In the setup used for this research, the active area will be treated as the
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area of contact between the channel and the GDL. The channel is 1mm wide and 254mm long
(10"), so the active area of the cell is 254mm2 or 2.54 cm2. At 1000 mA/cm , the current output
tnA
through the load circuit is 1000 r- 2.54cm2 = 2540mA, which is equal to 2.54 A. Note that
cm
this entire derivation is true if the cell is run on oxygen, but the test fixture will use air. To
accommodate for this, the following modification must be made to the equation set. Some of the
constants used are: molar fraction ofoxygen in air = 0.21, molar mass of air = 28.97 g, F =
96,485 C, and pair = 1.23 kg/m3.
P.- 28.97 xl0"3[VAir =
Air =
0.21 4VCF
3.574 'Pe
vc
3.574 x 10"7- Vc-I
kg
kg Equation 6.8
Air = 3.574 xlO-7/ kg
Air = 3.574 xlO"7- 2.54
kg
Air = 9.079x10
-7 kg
9.079 x 10
-7 kg
m3
1003cm' 60s
1.23kg m min
44.288
cm
min
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From the previous development, it can be seen that 44.288 cm3/min are required to run
the fuel cell at a stoichiometric ratio (k) of 1. However, PEM fuel cells are often run at a
stoichiometric ratio of 2 [6]. For k=2, the air feed rate should be 88.576 cm3/min.
The water generation rate is determined using a similar procedure. The governing
.
A , . , . , 2H2 -
4H+
+
4e~
equations tor the chemical reaction must be exammed again: These
02 +
4H+
+
4e'
-> 2H20
are respectively the anode and cathode reactions. For every four electrons transferred, two moles
ofwater are formed. This two-to-one ratio ofwater mole formation to electron transfer can be
implemented in the following equations.
ml mnl
Equation 6.9
Equation 6.10
Since the molecular mass ofwater is 18.02 g, the rate ofwater production becomes
I
2F
mol
s
= H20
ol
s
Pe
2VC-F
mol
s
= H20
mol
s
H20 kg
H20
H20
kg
kg
18.02 x\0~3Pe
'
mol
s
\kg]
s
\kg]
.
s
.
2VC-F
18.02 xlO-3-/
2F
= 9.338xl0"8-J/
Equation 6. 1 1
Equation 6.12
At the same current of2.54 A, the water generation rate is 2.372 x
10"7 kg/s. Given that
the water is 999 kg/m3, the rate ofwater generation is as follows:
2.372 x 10 .7 kg
m3
1003cm3 60s
s 999kg
m3
min
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,cm3
_ . mL0.0142^ = 0.0142-
min min
Therefore, at the chosen current density, voltage, and active area, the rate ofwater
generation is 1.42xl0"2 mL/min.
There are two different times at which the water will need to be supplied to the GDL.
The first is for the performance testing, and the second is for the rewetting between thermal
cycles. The methodology that immediately follows will be for the latter purpose, or for rewetting
in between thermal cycles.
The first step is to bleed the system. To do this, a syringe pump will be attached to the
water inlet, and the T-fitting with pressure sender and bleed hose will be attached to the outlet.
The syringe will be operated by hand until water flows out of the bleed valve. The pressure
sensor will momentarily be removed from the T-fitting in order to bleed this connection to
remove air bubbles in the leg of the T-fitting. The syringe will then be hand-operated until
bubble-free water again flows from the bleed valve.
The second step is to rum on the syringe pump and operate it at a rate of 0.150 mL/min
for tenminutes with the bleed valve open. This will allow water to flow out the bleed valve,
while simultaneously flowing through the GDL, using only the pressure head allowed by the
bleed system as the motivating force. The bleed valve will then be closed, and the syringe pump
will be operated at the same flow rate (0.150 mL/min) for 10 more minutes.
At this point, the GDL will be considered moistened, and the operational water and
airflow rates will be initiated. The water flow rate will be reduced to 1.4 pL/min, and the air
system will be installed to the test section and operation at about 88 cm3/min. The system will
be allowed to stabilize for one hour.
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After the one-hour stabilization period, the air and water feeds, respectively, will be cut
in rapid succession. The air inlet, air exhaust, water input, and water outlet T-fitting will be
removed. The test section will be tilted downward, and any water in the air or water channels
will be allowed to drain with gravity as the only motivating force. The water chamber cannot be
otherwise purged due to the fact that this has the ability to artificially dry the GDL. However, if
water is not drained from the water chamber plate, it will freeze and could cause damage that is
inconsistent with what would happen in a PEM fuel cell.
At this point, the cell will be placed in the freeze chamber. This cycle of feeding water
and air and subsequently freezing and thawing the fixture will be repeated 5 times before
performance gauging takes place. The goal of this research is to cycle the GLD sample a total of
15 times and have four sets (one set at each: 0, 5, 10, and 15 thermal cycles) ofperformance
measurement data.
6.3 - Performance Testing
The performance gauging will consist of three major tests. These are air through-plane
pressure drop testing, electrical resistance measurement, and droplet behavioral observation.
6.3.1 - GDL Through-Plane Pressure Drop
The through-plane airflow pressure drop measures the GDL's resistance to air
convection. This testing will be conducted in the same test fixture as the ex-situ air and water
delivery. The air channel will be free of a feed stream and will only contain stagnant air at
ambient pressure. The "water
channel"
will now be used to deliver air through the GDL. A
rotameter with an integral flow control valve will be used to measure the airflow, and a pressure
transducer at the end of the water chamber plate will be used to measure the pressure-flow
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correlated data. While air diffusion, rather than convection, occurs in the fuel cell, convection is
still an important measurement because it can give insight into the pore size distribution of the
GDL.
The air tests are to be conducted with a dry GDL. To ensure that the GDL is as dry as
possible, the thawing immediately prior to the testing will occur overnight so any remaining
water may evaporate. Air will be introduced to the system and allowed to flow through the bleed
valve for ten minutes. This will remove water in the channel through the bleed valve. Then, the
bleed valve will be closed and the system will be run for 90 minutes utilizing varied flow rates to
ensure that the GDL is thoroughly dried. At this point, the system will be set at 433.3 mL/min.
After five minutes of stabilization at this flow rate, the differential pressure required to flow this
volume of air will be recorded. The system will be dropped to 362. 1 mL/min of air, and after
five more minutes, the differential pressure will again be recorded. This pressure measurement
will be recorded for 300.2, 234.7, 157.5, and 94.0 mL/min as well.
6.3.2 - Electrical Resistance
The third test is the electrical resistance measurement through the GDL. As mentioned
previously, there were three electrodes implanted into the water channel plate and one into the air
channel plate. These four electrodes will allow measurement of six important quantities. The
measurements that will be taken can be broken up into two main categories: (i) those that
measure resistance through the channel region and (ii) those that do not. Theoretically, the
resistance measurements in the second group should not change with thermal cycling because no
water should be freezing in the main path that the current should travel. In the electrical
measurement sets, TP refers to "through-plane, IP refers to "in-plane", and
"through-channel"
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refers to resistance measurements on opposite sides of the gas channels. The six measurements
will be as follows (refer to the Figure 6.1 as well) (TP = Through-Plane, IP = In Plane):
Through the channel
1) Combined TP/IP (A and C)
2) Short IP (B and C)
3) Long IP (D and C)
Not Through Channel
4) Simple TP (A and B)
5) Combined TP/IP (A and D)
6) Simple IP (B and D)
\ DO
\ bO Oc /
/ AOl \
Figure 6. 1 - Electrode placement in channels
Figure 6.1 shows a perspective look at the locations of the four electrodes in the channel
plates. In the figure, some vertical distance separates the two channel plates. The top plate is the
water channel plate, and the lower plate is the air channel plate. The figure looks from the exit to
the entrance of the channels, so it looks against the direction of flow. It is not drawn to scale, but
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still gives an accurate depiction ofwhere the electrodes are placed. If the z-direction in Figure
6.1 is taken to be into and out of the page, then electrodes A, B, and C are all in the same plane
in the z-direction. The D electrode is in a separate plane downstream of the A, B, and C
electrode plane. The electrode letters are also to be referred to in the context of the six electrical
measurements. It is noteworthy that electrodes A and B are aligned in both the x- and y-
directions in the test fixture, thereby allowing a measure of only the through-plane resistance.
6.3.3 - Droplet Behavior Observation
The final performance testing step will involve observation of the droplet behavior. A
Photron high-speed camera will be set up perpendicular to the air channel, and images will be
taken of the droplet departures as the water and air are delivered at several prescribed rates. The
videos will be analyzed to determine contact angles and departure diameters as a function of
freeze cycle number.
6.3.4 Visual Surface Observation
The GDL will be examined under a Keyence microscope. However, the focal length of
the microscope is shorter than the thickness of either the water or air channel plates. This means
that the microscope observation cannot be performed while the GDL is assembled between the
channel plates or in the test fixture. It is desirable to eliminate stress cycling the GDL as a factor
in the experiments, so the sample cannot be removed during the testing. Only after the testing is
completed can the GDL be removed and examined. These post-testing images will be compared
to the pre-testing images.
Some of the failure mechanisms expected to be present after testing are (i) fractured
fibers, (ii) fractured or delaminatedmatrix, and (iii) damage to the Teflon coating. In
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preliminary testing of free-standing GDL samples, these mechanisms were not present, but this is
most likely due to the fact that there was no water present in the internal porous networks of the
samples.
The purpose of this examination is to compare precisely the differences between the
before and after images. This is a significant improvement over simply looking at the after
images and trying to decipher any changes that may or may not have occurred. For example, in
many images, fibers seem to be broken, but upon examination ofboth the before and after
pictures, it becomes clear that that is simply how the GDL was originally. The procedure for
examining the precise same location before and after is detailed as follows: first, another channel
plate is fixed to the dynamic portion of the Keyence microscope bed, which consists of two main
pieces. The first is a stationary bed piece, and the second is a dynamic slider piece of the same
size. Two fine-pitch screws are used to adjust the position of the dynamic piece in relation to
that of the static one. The location of this dynamic piece is measured using dial calipers and
measuring blocks, which ensure that the calipers stay parallel to the measured surfaces for
precision. These images will be examined in chapter 8.
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7 - Data Reduction and Analysis
7.1 - Electrical Resistance
As previously mentioned, the electrical measurements are taken using a Hewlett Packard
digital multimeter. The measurements are taken so as to isolate several different current paths.
Resistance is measured through the channel region, and parallel to it, both in through-plane and
in-plane directions. The measured resistances are as follows:
Through- Channel Not Through- Channel
-o
CD i i
c Q. O
f B: <*
o
Cycle# R (Q) Cycle# R (Q)
CO
0 0.959
5 2.343
10 4.376
15
0 0.027
5 1.715
10 3.797
15
0=
CO dq
Cycle# R (Q) Cycle# R (Q)
0 . .
c Q. Q
o
0 1 .052
5 2.011
10 2.578
15 2.911
0 4.719
5 6.402
10 8.321
15
O) O
9= a
-" Q
Cycle# R (Q) Cycle# R (Q)
75 Q
co a
0 4.827
5 5.907
10 6.286
15 6.537
0 4.762
5 6.069
10 6.658
15 7.033
Table 7.1- Resistance Measurements
It is noteworthy that all of the measurements at the
15l
cycle involving the A electrode
are blank. This is due to the fact that this electrode suffered some sort of connection error in that
putting pressure on the wire soldered to the electrode would cause large fluctuations in the
resistance value. This can be attributed to either the epoxy losing hold of the electrode or the
channel plate, or a deteriorated connection between the wire and the electrode. As a result, even
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though resistance measurements were taken, they were disregarded due to the addition of a large
source of error.
In each of the following plots, it is important to note that the letters listed, for example A
and C, refer to the two electrodes between which the resistance measurement is taken. The plots
over the cycling period are subsequently displayed. Figure 7.1 is the plot between electrodes A
and C, and it is a combined through-plane and in-plane measurement through the channel region.
This plot exhibits a nearly linear trend in the increase in electrical resistance between these two
points. Figure 7.2 is the plot of the resistance measurements between electrodes B and C, which
is an in-plane measurement across the channel region. The resistance increases at each point, but
does so by a decreasing amount, suggesting a negative second derivative of the trend. Figure 7.3
displays the resistance between electrodes D and C, or a longer in-plane measurement across the
channel region. Again, the resistance increases between each point by a decreasing amount.
Figure 7.4 portrays the plot of resistance measurements between the A and B electrodes, which is
the simple through-plane measurement. Contrary to the prediction of a constant resistance, the
resistance seems to increase in a fairly linear fashion. Figure 7.5 shows the measurements
between the A and D electrodes. This is a through-plane and in-plane combinedmeasurement
that does not traverse the channel region. As with all measurements involving the A electrode,
this resistance seems to increase in a linear fashion. Figure 7.6 plots the resistances between the
B and D electrodes. This is a strictly in-plane resistance measurement that does not traverse the
channel. These resistance measurements seem to increase by a decreasing amount, again
suggesting that the trend has a negative second derivative and will ultimately plateau.
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Figure 7.2 - Short In-Plane [B & C]
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Figure 7.3 - Long In-Plane [D & C]
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Figure 7.5 - Combined Through-Plane/In-Plane [A & D]
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Figure 7.6 - Simple In-Plane [B & D]
In each of these plots, one common trend exists: the overall resistance of the system is
increasing. Again, due to an electrode connectionmalfunction, the 15-cycle data points on all of
the measurements involving the
"A"
electrode were neglected.
Additionally, for all plots involving the
"A"
electrode, the slope between points 1&2 is
less than the slope between points 2&3. This is to say that a polynomial fit to these points would
have a positive second derivative. Conversely, all the measurements that only utilize electrodes
B, C, and D, when fit with a polynomial, all have negative second derivatives. A table of
trendlines and fits is presented.
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Plot 1st Order R2 2nd order R2 d2/dx2
A&C y = 0.341 8x + 0.8504 0.9881 y =
0.013x2 + 0.2121x + 0.9585 1 0.013
B&C y = 0.1229x + 1.2165 0.95 y = + 0.21 68x + 1.0599 0.9994 -0.0063
D&C y = 0.1 102x + 5.0629 0.8896 y = + 0.2345X + 4.8557 0.9904 -0.0083
A &B y = 0.377x - 0.0387 0.9964 y =
0.0079x2
+ 0.2982x + 0.027 1 0.0079
A &D y = 0.3602x + 4.6798 0.9986 y =
0.0047x2 + 0.31 3x + 4.719 1 0.0047
B&D y = 0.148x + 5.0202 0.9226 y = + 0.2878x + 4.7873 0.9957 -0.0093
Table 7.2 - Electrical curve fit data
Table 7.2 shows both linear (first order) and parabolic (second order) fits for each of the
plots. For each best-fit curve, the independent (x) variable is the cycle number. The dependent
(y) variable is the electrical resistance in Ohms. The Revalues represent how well the given
linear equations predict the data points. In all cases, judging by the Revalues, the second order
plots describe the data better than the first order plots.
For further analysis of electrical data, pleas refer to Chapter 8 - Results and Discussion.
7.2 - Through-Plane Air Flow Measurement
The convective airflow data was collected simply as described in Chapter 6. Amatrix of
the observed data is shown as follows:
433.3 362.1
Flow mL/min
157.5 94Cycle#
0
5
10
15
300.2 234.7
0.0899 0.0740 0.0581 0.0421 0.0262 0.0102
0.1218 0.1059 0.0899 0.0740 0.0421 0.0262
0.1059 0.0899 0.0740 0.0421 0.0262 0.0102
0.1218 0.0979 0.0740 0.0581 0.0421 0.0262
All in PSI
Table 7.3 - Pressure measurement data
Due to very low air pressures at lower flow rates, the pressure at the highest flow rate
(433.3 mL/min) will be used in a plot, which is as follows:
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Figure 7.7 - Airflow resistance plot
?433.3 mL.min
The plot of differential pressure with respect to cycle number is plotted above. The error
bars in the precision of the sensor are shown additionally. The graph almost exhibits a sine
wave, although the initial pressure point is lower than any of the subsequent points. This is to
say that thermal cycling seems to have increased the pressure required for air to be passed
through the GDL at the aforementioned flow rate. Again, for further analysis of airflow data,
please refer to Chapter 8 - Results and Discussion.
7.3 Image Analysis: Contact Angle
In order to perform a meaningful analysis of droplet departure characteristics, the
supplied flow rates of air and water should be held constant for all video data testing. This was a
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quite difficult task, since each time the testing was performed, the GDL had different
characteristics as to whether water preferred to flow or form discrete droplets from certain pores.
When a pore is close to the center of the channel's width, it is much more likely that a droplet
will form and depart nicely, yielding useful data. However, this is not always the case. Often,
these preferred pores will be very offset in the channel, and as the droplets grow, they will
contact the channel sidewalls. At this point, the droplet will break its form and run down the
channel sidewall. In the latter case, no useful data is produced. Another case that doesn't
produce useful data is if the water prefers simply to flow through the pore in a more continuous
fashion. This can be seen when streams ofwatermove from the GDL and flow with the
direction of airflow. Again, this will not yield useful data.
In three of the four testing routines (at 0, 10, and 15 cycles), a combination of 744.5
mL/minute of air and 0.375 mL/min ofwater yielded useful data. Unfortunately, this
combination failed to produce discrete, measurable droplets after 5 thermal cycles. This is most
likely due to the preferred pore locations and sizes changed with each measurement event (0, 5,
10, 15 cycles). Similarly, flow though other portions of the GDL (not just the preferred pore) ma
have changed at each measurement. Videos of droplets were recorded and viewed using the
Photron FastCam Viewer software. For a droplet' s measurements to be taken, the departure
frame was located, and then the video was backtracked to the first clear frame before departure.
This typically was one or two frames before the departure. Once the frame was located, it was
viewed at 200% (2x zoom) on-screen. Two programs, Screen Protractor and Screen Calipers,
were used to measure the departure angles and departure diameters, respectively. Figure 7.8
labels the angles, diameters, and airflow direction in the flow channels.
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Figure 7.8 - Droplet measurements
It is worth noting that the direction of the airflow is from left to right. Also, the surface
on the top of the droplet is where the GDL is located. The water is diffusing through this GDL
and downwards into the channel. It will then be removed to the right of the screen. When all
videos were analyzed, the results were as follows:
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00 cycles
Receding Advancing
Angle (deg) Angle (deq)
Droplet
Diameter (mm)
54.38 75.98 0.384
55.10 75.50 0.385
55.46 75.16 0.384
Means. Standard Deviations
xbar=54.98 xbar-75.55 xbar=384
a=5499 a=4120 a=.00058
1 0 cycles
Receding Advancing
Angle (deg) Angle (deg)
Droplet
Diameter (mm)
124.10 53.63 0.325
119.37 54.08 0.322
123.26 56.91 0.329
Means, Standard Deviations
xbar=122.24 xbar=54.87 xbar=325
o=2.5236 a=H .7781 a=.0035
1 5 cycles
Receding Advancing
Angle (deg) Angle (deg)
Droplet
Diameter (mm)
59.77 76.56 0.342
62.50 74.10 0.340
67.62 75.50 0.343
Means, Standard Deviations
xbar=63.30 xbar=75.39 xbar=342
cr=3.9852 aH.2339 a=.0015
Table 7.4 - Droplet Angle Data
The calculations for the 90% and 95% confidence intervals are plotted below.
Cycle #
Receding
Angle ()
Standard
Deviation
a = 0.10, t= 1.886 a = 0.05, t = 2.920
t-
tolerance
Confidence Interval Range
Low High
t-
tolerance
Confidence Interval Range
Low High
0 54.98 0.5499 0.599
2.748
4.339
54.381 55.579
119.492 124.988
58.961 67.639
0.927
4.254
6.719
54.053 55.907
117.986 126.494
56.581 70.019
10 122.24 2.5236
15 63.3 3.9852
Cycle #
Advancing
Angle ()
Standard
Deviation
t-
tolerance
Confidence Interval Range
Low High
t-
tolerance
Confidence Interval Range
Low High
0 75.55 0.412 0.449
1.936
1.344
75.101 75.999
52.934 56.806
74.046 76.734
0.695
2.998
2.080
74.855 76.245
51.872 57.868
73.310 77.470
10 54.87 1.7781
15 75.39 1.2339
Cycle #
Departure
Diam. (mm)
Standard
Deviation
t-
tolerance
Confidence Interval Range
Low High
t-
tolerance
Confidence Interval Range
Low High
0 0.384 0.00058 0.001
0.004
0.002
0.383 0.385
0.321 0.329
0.340 0.344
0.001
0.006
0.003
0.383 0.385
0.319 0.331
0.339 0.345
10 0.325 0.0035
15 0.342 0.0015
Table 7.5 - Statistical t-distribution confidence interva S
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The plots of the contact angles and departure diameters for these three thermal cycling events are
represented in the next two plots.
Figures 7.9 and 7.10 plot the cycle-dependent advancing and receding angles and
departure diameters. Error bars, derived from the statistical t-distribution 95% confidence
intervals, are shown on the data points. Through these two figures, several trends become
apparent. Ideally, for the same air and water flow rates through a single GDL sample, the
contact angles and departure diameters should all be comparable. It becomes apparent that these
angles and diameters change during the course of the thermal cycling. The contact angles exhibit
a very interesting behavior. The advancing angles of the original GDL and the 15-cycle GDL
are comparable, but the 10-cycle GDL exhibits a lower angle. The receding angle of the 10-
cycle droplet is now much higher than that of the other two measurements. This stands to
reason, however, since a droplet of given size would expect to see an increasing receding angle
as the advancing angle diminishes. It is also interesting to note that the 10-cycle droplet is the
smallest droplet observed. These implications will be discussed in the subsequent chapter: 8
Results and Discussions.
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Figure 7. 10 - Departure diameter plot
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7.4 - Image Analysis: Visual Damage Inspection
The image analysis was performed carefully so as to observe the exact same location on
the GDL both before and after the thermal cycling. Due to the fact that the test fixture was only
disassembled at the conclusion of the testing, it was not possible to obtain images at the interval
of 5 thermal cycles. The test matrix used for image collection is as follows:
+y
+x
For edge in Center ofMicroscope:
Edge Right Overhang
A 0.250
Z 0.208
BEFORE
AFTER
YBED
OVERHANG
(in)
0.250
0.229
0.208
X BED OVERHANG (in
0.000 0.750
AOO
M00
ZOO
A07
M07
Z07
1.000
A10
M10
Z10
1.500
A15
M15
Z15
Figure 7. 1 1 - Video test matrix
In the above figure, a representation of the channel is shown first. The edges of the gas
channels are labeled as A and Z. The images are to be taken in 3 locations along the y-direction.
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The locations are the "A" edge, the middle of the gas channel, and the
"Z"
edge. Additionally,
these three images will be taken at four positions along the length of the GDL. In the above test
matrix, "Y Bed
Overhang"
and "X Bed Overhang" describe the overhang of the dynamic portion
over the static portion. The locations are measured using dial calipers and measuring blocks,
which ensure that the calipers stay parallel to the measured surfaces for precision.
Image 7.12 - Keyence confocal microscope and stage for GDL observation
Figure 7.12 shows the microscope setup, and the static bed plate [C] and dynamic piece
[A] are displayed clearly. The leftmeasuring block [B] is where the x-overhang is measured,
and the front block [D] aids the y-overhang measurements. Each location is designated with a
letter representing the Y-position and a number representing the X-position
of the dynamic bed.
The hatched boxes represent that the images have been taken successfully.
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Images are compared, before and after, in the next chapter: 8 Results and Discussion.
Additionally, descriptions of any discrepancies between the images are described, and damage
mechanisms are identified.
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8 - Results and Discussion
8.1 - In-Plane and Through-Plane Electrical Resistance
The graphs of the electrical resistance measurements can be seen in the previous chapter
(Chapter 7). This section will discuss the results and offer an interpretation of the mechanisms
that could cause the results.
The plot in Figure 7. 1 shows the measurements between electrodes A and C, which are
oriented to give a measurement of a combined through-plane and in-plane resistance. Again, this
graph has a positive second derivative for the second-order polynomial fitted to it.
Unfortunately, since there are only three data points, the nature of the decay beyond the first 10
cycles cannot be observed or conjectured. However, from the plot, it can be shown thatmore
damage to the GDL, as far as electrical resistance is concerned, occurred during cycles 6-10 than
that which occurred during the first five thermal cycles. However, this trend would not be
expected to continue because this implies that the electrical resistance would eventually reach an
infinite value, indicating that no electrical contact would be made.
Figure 7.2 displays electrical resistance measurements between electrodes B and C. This
plot involves all four points, and the second-order polynomial fit to the plot has a negative
second derivative. This is to say that the damage incurred to the GDL during the first 5 cycles is
less than the damage incurred during cycles 6-10, which in turn is less than that of cycles 11-15.
Essentially, the damage increases at a decreasing rate. This seems to make sense, as this damage
must be expected to taper off at some point. For example, the trend line
y = + 0.2168* + 1 .0599 can be used to extrapolate the point at which the decay is to
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cease. Solving for the maximum of this equation yields the point at which the first derivative is
zero.
y = + 0.2168* + 1 .059 Equation 8. 1
^ = -0.0126* + 0.2168=0 Equation 8.2
jc = 17.2
In Equation 8.1, just as in the previous chapter, the x-variable is the independent variable,
which is the cycle number. The dependent y-variable is the electrical resistance, in ohms. It can
be seen that at 18 thermal cycles (17.2 is rounded to the next cycle), the GDL should stop
incurring damage that degrades this electrical performance, and this would provide a theoretical
limit as to the maximum electrical resistance of the GDL. Whether or not this is a phenomenon
that actually occurs in PEM fuel cells is something that can only be realized through further
testing. While this extrapolation is not sound for making conclusions, it is a good basis for a
prediction for further research.
The third plot, Figure 7.3, shows the results of a long in-plane measurement between
electrodes D and C. As in the plot before it, a polynomial fit to the data points has a negative
second derivative, and as such, the damage decreases as cycling increases. If the fit polynomial
is used as a predictor, the resistance should no longer increase after 15 freeze and thaw cycles.
Again, this prediction seems to make sense that a majority of the damage occurs in the first five
cycles.
Figure 7.4 shows the measurement of simple through-plane resistance between electrodes
A and B. Since these electrodes are vertically aligned off to the side of the channel, it was
predicted that no water would be between these electrode tips. As such, no resistance difference
should have been observed. However, this is not the case as can be seen by the plot. As such,
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this may indicate that either water is diffusing in an in-plane direction and freezing under the
electrodes or that the electrode-GDL resistance is changing. The resistance appears to increase
in a linear fashion. The only reason that the polynomial yields a better fit is that the graph has
three points and it is very simple to fit a polynomial perfectly to three points.
The plot in Figure 7.5 is a combined through-plane and in-plane measurement that does
not traverse the channel. This also appears to increase in a linear fashion, and for previously
mentioned reasons, does not include the resistance value from the 15th cycle. However, a 2nd
order polynomial fit has a positive 2nd derivative, and as such, the electrical resistance should
continue to increase with further cycling. Again, this cannot occur infinitely, so more testing
should be performed.
The sixth and final plot, Figure 7.6, shows a simple in-plane measurement through
electrodes B and D that does not traverse the channel. The second derivative of this plot is a
negative value, and as such, the change in electrical resistance between cycles would be expected
to approach zero. To find the cycle number at which this should happen, a similar technique was
followed as outlined above. Here, the change in resistance between cycles should be zero after
cycle number 16.
The data from the electrical measurements did not exactly follow the predictions that
electrical resistances through the channel should increase, and those that did not traverse the
channel should remain constant. Instead, all the values of resistance at every combination of
electrodes increased. This could be due to several reasons. First, damage did occur in the
channel region of the GDL, and this will be shown later. While visible damage was mainly seen
in a region toward the end of the flow path, the high-speed camera and microscope did capture
areas of fracture throughout the length of the channel. Damage could be seen to fiber orientation
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as well as differences in the matrix. Additionally, it can be seen through observation of the
disassembled fuel cell that some of the micro-porous layer (MPL) was removed with the
electrodes.
Figure 8.1- Electrode tips onMPL side
Figure 8.1 shows the tips of the electrodes that were on the side of the MPL. After the
water channel plate was removed, traces of the MPL can be seen on these tips. The removed
MPL material is also a significant portion of the electrode tip contact area. While damage to the
GDL in the channel region was the main area of focus of this work, damage to the MPL is still
relevant because the contact between the MPL and GDL is very critical in maintaining proper
operation of the fuel cell. If the freezing caused portions of the MPL to fracture or delaminate
and attach to the brass electrodes, this could have negative implications for the contact between
the catalyst sites, MPL, GDL, and ultimately, the bipolar plate.
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8.2 - Air Flow Analysis
As aforementioned in the previous chapter, the airflow pressure data at the highest
measured flow rate seems to exhibit a sine wave behavior. However, all subsequent points after
the initial, 0-cycle point demonstrate that the pressure required to pass said volume of air
increases with cycling. When the points are plotted with the error bars, which demonstrate the
precision of the pressure sensor, it appears that the data may be inconclusive. While the error
bars of the initial and the 2nd and 4th points do not overlap, they encapsulate the same point
(0. 1059 PSI). Since this point is within the uncertainty range of every measured data point, no
definitive observation can be drawn. However, the slight variations of the data points, if they
exist, can most likely be attributed to the rearrangement of the fibers andmatrix within the GDL
and possibly the MPL. Video evidence exists that conclusively shows that fibers are protruding
into the air channel at points, so this will give sufficient evidence that the fibers may realign at
times due to thermal freeze/thaw cycling. This, in rum, may cause the pressure difference, if
any, that exists when a certain volume of air is passed through the same GDL at different points
in the cycling.
8.3 - Contact Angles and Teflon Content
The purpose of this particular test was to observe droplet departure diameters and contact
angles in an attempt to conjecture about the nature of the Teflon content in the GDL at each point
in the thermal cycling. However, this is not so easy due to the odd behavior of the droplets, as
seen in the graphs in Chapter 7. Teflon is important in GDLs because it ensures that they stay
fairly hydrophobic. In this sense, hydrophobicity is a measure ofhow a surface wets. If it is
hydrophobic, water will tend to bead up and have smaller contact angles. If the surface is
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hydrophilic, the contact angles will tend to increase, as water is less prone to beading. If thermal
cycling did, in fact, decrease the Teflon content of the GDL, all the contact angles should be
expected to decrease. However, this trend is not apparent. To say that there was no change in
the Teflon content would be an inaccurate statement, however. There were many different
factors affecting the droplet diameters and angles. First, the droplets were measured from
different pores. This is not to say that this detail was overlooked, but the droplets never
repeatably seemed to form from the same sites. Another mechanism that should be taken into
the equation is that the water flowing characteristics from the rest of the GDL were never
constant over the cycling. For example, ifmore water streamed through the GDL during the 10-
cycle test than did the 15-cycle test, then the water delivery rate through the preferred pore at 10
cycles would be less than that at 15 cycles. Due to these factors, the images taken do not
explicitly demonstrate any major differences in Teflon content at the different thermal cycle
stages.
8.4 - Visible Damage Mechanisms
The microscopic imaging reveals several inconsistencies and damage mechanisms due to
the thermal cycling. In this section, the locations will be referred to through their previously
assigned designations (AOO, M07, or Z15 as examples). For precise descriptions of the locations
of these points, please refer back to Chapter 7. Only the locations that incur visible damage will
be referenced (only two of the twelve locations are omitted for a lack thereof). For each
location, pictures representing
"before"
and
"after"
will be presented and described. In some
cases, more than one before/after set are required. In such cases, a number will follow the
location and "before" or "after" designation, such as (ZOO Before, #1). In each case, it is
important to clarify that the magnification is 450x through the microscope. The scale of each
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image can be estimated by understanding that each individual fiber seen is approximately 7pm in
diameter. The practical focal range of the microscope is about 30 frames into the depth of the
GDL, which translates to 150 pm.
AOO
Figure 8.2 - AOO Before Thermal Cycling, 450x
f
Figure 8.3 - AOO After Thermal Cycling, 450x
The "after" image, Figure 8.3, shows two important differences from Figure 8.2. In the
red circle on the left, there a piece of either the Teflon coating or the carbon matrix is seen
hanging offof the side. This is significant because this is not present in the
"before" image.
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Another significant difference occurs in the red circle on the right. This highlights a fiber
that is in focus in the "after" frame, but not in the "before" frame. Again, these two frames are
5pm apart in focus. This demonstrates that the height of the fiber with respect to the rest of the
GDL changed. It is likely that the freezing ofwater in the GDL has that fiber to dislocate from
other fibers bound to it, thereby causing a change in the fiber's height.
A07
Figure 8.4 - A07 Before Thermal Cycling, 450x Figure 8.5 - A07 After Thermal Cycling, 450x
At this location, the Figures 8.4 and 8.5 are again in comparable focus. However, in the
"after"
picture, there exists a spot that is difficult to focus on. This could be due to the fact that
in the "after" series, the 5pm separations between photos skip the true focus of this spot.
However, it appears that it could be a piece of the composite matrix. The fact that this was
dislodged from some portion of the fiber could suggest that, over the course of the thermal
cycling, the integrity of the GDL can be affected.
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A15
Figure 8.6 - A15 Before Thermal Cycling, 450x
Figure 8.7 - A15 After Thermal Cycling, 45Ox
In the above series ofpictures, Figure 8.6 reveals a fiber that the Figure 8.7 clearly does
not have. Since the two photos are in comparable focus, this fiber should be plainly visible in
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both shots. This fiber has broken off at some point along its length and has most likely been
removed from the surface.
MOO
Figure 8.8 - MOO Before Thermal Cycling, 450x
Figure 8.9 - MOO After Thermal Cycling, 450x
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When comparing Figures 8.8 and 8.9, the red circle in the "after" photo displays a broken
fiber. This fiber is part of a strand of several fibers, and by itself, will most likely not contribute
a great deal to reduction in electrical conductivity of the GDL. However, if there are more fibers
like this elsewhere on the GDL surface and below, the end result could be part of the increase in
electrical resistance demonstrated in this work.
M07
Figure 8.10 - M07 Before Thermal Cycling, 450x Figure 8.1 1 - M07 After Thermal Cycling, 450x
In this series ofFigures 8.10 and 8.1 1, the damage occurs near the surface of the GDL.
In the strand of fibers seen in both figures, there are four red circles to highlight damage. For the
sake of description, they will be numbered 1-4 from lower left to upper right. Circle 1 shows the
disappearance ofwhat looks to be a piece of the carbon matrix. This matrix looks like it binds
the fibers in that larger strand, and without it, the durability of the GDL could be negatively
affected. Circles 2 and 3 shows the disappearance of a piece of the matrix that binds the larger
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strand to a fiber below it. The fourth circle also highlights where a piece of the matrix has
dislodged itself. The degradation of the carbonized matrix exhibited on this superficial strand of
fibers is indicative that the freeze and thaw cycling can degrade the structure of the GDL.
M10,#l
Figure 8.12 - M10 Before Thermal Cycling, 450x, #1 Figure 8.13 - M10 After Thermal Cycling, 450x, #1
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M10, #2
Figure 8. 14 - Ml0 Before Thermal Cycling, 450x, #2
Figure 8.15 - M10 After Thermal Cycling, 450x, #2
In the preceding two series ofpictures for M10, more damage to the matrix can be
identified. Figures 8.12 and 8.13 highlight changes to the GDL's binder. The circle in Figure
8.15 shows a similar change from 8.14. The two sets ofpictures are separated by 4 frames of
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focus, which is to say that the two areas ofdamage are 20pm (4 x 5pm) apart in depth In both of
the
"after"
photos, it seems that pieces of this binder matrix have been dislodged.
M15
Figure 8.16 - M15 Before Thermal Cycling, 450x Figure 8.17 - M15 After Thermal Cycling, 450x
In Figures 8.16 and 8.17, the only major difference is that there was a fiber attached to
the strand running the width of the pictures. In the first image it is present, and in the second
image, it is not. This fiber was likely dislodged by either the frozen water or the water driven
through the GDL.
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ZOO, #1
Figure 8. 1 8 - ZOO Before Thermal Cycling, 450x, #1
Figure 8. 19 - ZOO After Thermal Cycling, 450x, #1
In Figures 8.18 and 8.19, there are two major damage mechanisms present. First, the red
oval on the left highlights two fibers that were slightly repositioned. In the first picture, the two
fibers are fairly parallel, whereas in the second picture, the fibers appear to be highly bowed
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outward. Either a delaminated matrix or a broken fiber outside the frame of reference is the
suspect for this failure. The circle on the right illustrates a comer where a piece of the binder is
noticeably missing or detached. While it seems that the joint is still intact, a further loss of the
binder might change this.
ZOO, #2
Figure 8.20 - ZOO Before Thermal Cycling, 450x, #2 Figure 8.2 1 - ZOO After Thermal Cycling, 450x, #2
Figures 8.20 and 8.21 illustrate three more locations where the binder has changed. The
upper circle illustrates a missing piece, and the lower two circles illustrate where small pieces of
the binder have shifted into view.
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Z07, #1
Figure 8.22 - Z07 Before Thermal Cycling, 450x, #1 Figure 8.23 - Z07 After Thermal Cycling, 450x, #1
Figures 8.22 and 8.23 highlight a fairly large change in that a large chunk of the matrix is
missing.
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Z07, #2
Figure 8.24 - Z07 Before Thermal Cycling, 450x, #2
Figure 8.25 - Z07 After Thermal Cycling, 450x, #2
The second series ofZ07 images shows several things. The upper left red circle indicates
a piece, either ofTeflon or of the matrix itself, that has worked its way to the surface but was not
present before the experiments were conducted. The upper right circle shows slight change in
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the matrix. Finally, the two concentric circles in the bottom illustrate how the matrix in the
center of the triangle of fiber strands is starting to bulge. The matrix bulging is beginning to
expand the fibers outwards.
Figures 8.26 and 8.27 highlight a discrepancy in the
"before"
and
"after" images. While
it may be simply a change in the reflections due to the microscope light source, it is potentially a
physical shift in the carbon binder of the matrix.
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Z07, #3
Figure 8.26 - Z07 Before Thermal Cycling, 450x, #3
Figure 8.27 - Z07 After Thermal Cycling, 450x, #3
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Z10
Figure 8.28 -ZIO Before Thermal Cycling, 450x
Figure 8.29 - ZIO After Thermal Cycling, 450x
Finally, Figures 8.28 and 8.29 illustrate a definite change in the GDL's binder. A piece
of the binder has been dislodged and shifted into the field of view.
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Moreover, many pictures in this series uncover damage that the GDL sustained either to
the carbonized matrix, the Teflon coating, or the fibers themselves. These images taken at 45Ox
magnification at the prescribed locations do not accentuate any catastrophic damage. However,
other locations, when viewed by the naked eye, were visibly damaged. These locations were
also examined under the microscope at 450x magnification. One series of such images is shown
in the following two figures, and the damage mechanism is fairly obvious.
Figure 8.30 - Line fracture in GDL after removal
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Figure 8.3 1 - Line fracture after removal, focal plane #2
Figure 8.30 and 8.31 are two images taken 3 frames of focus apart, making the fields of
focus 15pm apart. In Figure 8.30, seven circles have been drawn. In each of these circles,
fractures seems to have occurred in the outlined fibers. The reason that these are said to be
fractures instead ofnaturally free fibers is that they all seem to have a counterpart fiber that they
should be connected to. Examining Figure 8.31 helps bring some of these other fibers into focus.
Since these apparent fractures seem to occur in a fairly straight line, it is conjectured that this
region sat precisely on the border of the channel region and the land. The following images
illustrate this clearly:
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Figure 8.32 - GDL gas channel impression
In figure 8.32, the fibers of the GDL pushed through the surface, and the channel region
left an impression on the GDL. This is the most visibly damaged area. This region can be seen
protruding into the channel during video testing here:
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Figure 8.33 - GDL damage side view
It is apparent in Figure 8.33 that this region is characterized by many loose and broken
fibers hanging in the air channel. This damage has been seen in at least one other location along
the channel's length, but the extent of that damage was not as severe as what is seen in Figure
8.33. Moreover, damage is observed in the structure of the GDL, both under the microscope and
by the naked eye. The most severe damage is occurs in the channel region, where the GDL may
expand into the channel and experience shear forces on the border of the channel and land
regions. This is consistent with what the ANSYS model suggests.
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9 - Conclusions
There has been a good deal of research into the end-effects of freezing on the
performance ofPEM fuel cells, as well as into the structural degradation ofporous materials,
such as soil and concrete. However, the structural effects of freezing and thawing on a
compressed GDL sample have not been reported as thoroughly in the literature. The present
work reports the results of a numerical and experimental study to investigate the damage to GDL
due to repeated freeze-thaw cycles.
Initially, a numerical model was constructed to indicate any potential for freezing
damage. The model utilized a temperature distribution and the thermal expansion coefficients of
water to model this expansion upon its liquid-to-solid phase transition. The stresses observed in
the GDL structure were significantly higher than the tensile strength of the GDL material. As a
result, it was determined that there is potential for damage to occur when a water-saturated GDL
is cycled repeatedly under freeze-thaw conditions.
In order to verify the numerical model, an experimental study was conducted. The GDLs
were monitored for performance in several areas: surface contact-angles and departure
diameters, resistance to airflow, electrical resistance, and surface damage observation. The
surface contact-angle and departure diameter measurements yielded very little conclusive
evidence. This is due to the fact that, essentially, the droplet departure events were very difficult
to reproduce with an ever-changing GDL surface. The air flow resistance measurements, while
appearing to exhibit an interesting trend of increasing differential air pressure, failed to yield
conclusive evidence due to the precision of the air pressure sensor.
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The electrical resistance measurements, on the other hand, yielded some interesting
results. While Lee and Merida [11] noticed no resistance changes due to cycling in
uncompressed samples, the present research found evidence that this is a factor when the
samples are compressed. At each testing iteration, and at each location measured, the electrical
resistance was shown to increase several folds. The results indicate that the in-plane resistance
was increased from 4.762Q (0 cycles) to 7.033Q (15 cycles) in one case, and the combined
through- and in-plane resistance changed from 0.959Q (0 cycles) to 4.376Q (10 cycles). These
results are different from Lee andMerida' s results most likely due to the fact that their cycled
samples were free-standing (uncompressed). The increase in resistance values observed in the
present experiments are most likely due to the degradation of the GDL structure or the increase
in contact resistance, as suggested by Cho et.al [7]. This finding is subsequently confirmed by
visual observation of the GDL. The result is significant because of the important role that the
GDL's conductivity plays in the proper function of the PEM fuel cell.
Finally, the surface observations exhibited damage to the carbonized binder, movements
or disappearances of fibers, and breakage at multiple points. A protrusion of the GDL material
was also clearly evident following the experiments. In summary, the freeze-thaw cycling was
seen to have a highly detrimental effect on the GDL structure even after 5-15 cycles. The
electrical conductivity measurement is seen to be an effective method to identify the damage.
Effective purging methods are therefore deemed essential in order to prolong the useful life of
the PEM fuel cells.
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Future Work
There are two main areas in which future work may be performed in an effort to
better understand the GDL damage. The first area can best be referred to as adding a
solid baseline to the present work, and the second area would appropriately be a further
extension of the current work under different conditions.
In order to add a baseline or control to this experiment, several actions are
recommended. First, a GDL sample can be examined for damage simply after being
compressed. This control sample will eliminate the factors ofwater and air delivery,
thermal cycling, and ice formation damage. A second baseline could be added through
thermal cycling a GDL sample that had no fluid delivery. This GDL could have
resistance measurements and surface observations taken. This particular control sample
would indicate damage mechanisms due solely to compression and exposure to freezing
temperatures. Finally, a baseline experiment can be run in which the GDL is compressed
and fed the fluid streams in a fashion similar to the "test" procedures outlined herein,
only it would not undergo freeze-thaw cycles. This will isolate damage mechanisms
incurred simply through fluid transfer through the GDL.
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This work can also be readily extended. This testing does not involve a
comparison of an un-purged sample with those that have been purged, so this would be a
natural addition to the experimental procedure. Additionally, ANSYS modeling can be
performed to examine the effects ofpore shapes and sizes on stresses achieved in a
frozen GDL sample.
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